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SUMMARY

SPROBLEM

1. In the past decade more and more attention has been focused
on the role of the human element weapon systems. The contribution of
this personnel element to system reliability and effectiveness and the deg-
radation in system performance because of human error have been subjects
of numerous studies and research programs. These studies have substan-
tiated the fact that a significant percentage of system unreliability is
caused by human error,

2. These findings validate the urgency for quantifying human per-
formance and developing new techniques for the prediction and analysis
of human reliability as a part of system effectiveness . It is virtually

- impossible to test the human element in the laboratory under controlled
environment and to use the results for predicting human performance under
actual conditions. Consequently, data must be obtained from the field
during the operational and maintenance phases of weapon systems. This
need for field data poses a major problem in that data on human performance
collected to date are of little consequence; more significantly, no vehicle
exists for their collection.

3. As a result, the problem of the data gap must be overcom-~ be-S fore new techniques for human reliability analysis can be developed.
New methods for acquiring the necessary data will have to be inves~.gated,I and an extensive Navy-wide and preferably DOD-wide effort will have to
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be initiated to establish a meaningful data base. The establishment of
such a data base will require considerable time. There is a definite need
to develop, at least on an interim basis, techniques for human reliability
analysis that do not depend on direct human-performance data. Rather,
these techniques must be designed so that by mathematical and/or statis-
tical means human reliability can be inferred from existing equipment per-
formance data.

BACKGROUND AND REQUIREMENT

4. The recognition of the need to develop new tools and techniques
for numan reliabilay a,. lysis has become widespread throughout the Navy, a
manifested by the issuance of SECNAVINST 3900.36 dated Z7 January 1966.
The purpose cf this document is to "establish policy for the guidance of
efforts to increase the reliability of naval material and to assign responsi-
bility for its achievement." The Chief of Naval Personnel is assigned the
responsibility to:

"1. Coordinate with the Chief of Naval Material and
the technical bureaus and offices to develop and
implement reliability educational programs for
military personnel assigned to technical, con-
traccing and quality assurance billets and
assigned to the supervision of these activities.

2. Develop techniques, methods, and knowledge
in the field of human reliability.

3. Participate in the human factors analysis for
reliability in each Navy system as appropriate."

5. In response to this directive, the New Developments Branch of
the Personnel Research Division under the Chief of Naval Personnel initi-
ated this research. The objectives of the ORI study were the following:

a. Creation of methodologies for using data presently
available in existing Navy failure reporting systems
for human reliability analysis.

b. Development of indirect approaches to human reli-
ability that are not dependent on direct data on
human performance but can be derived from equip-
ment data.
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c. Recommendations for further research efforts
in the quantification of human performance
and in human reliability analysis.

APPROACH

6. The initial efforts of the study were to establish the objectives
for the work and to establish sound definitions of human reliability termi-
nology which could serve as the framework for the remainder of the study.
These definitions are:

a. Human Error - Any action of the human element
71 . ystem that Is inconsistent with a predeter-
mined behavioral pattern established in the sys-
tem specifications and in the resulting system
design.

b. System Failure - Any system performance that
does not meet the requirements established by
design specifications and documentation. Such
failures fall into two categories: (a) total
system failure, in which there is a complete
breakdown in performance, and (b) system de-
gradation failure, in which the system ails to
perform at its specified level of performance
over a period of time.

c. Human Reliability - Probability that human
error will not cause a system failure or mal-
function.

The scope of the research is limited to human rellabilty as related to the
operational and maintenance phases of the weapon systems life cycle.

7. Navy failure reporting systems were systematically surveyed to
determine the relevance of their data to human reliability analysis, to eval-
uate the accuracy of such data, and to ascertain other pertinent character-
istics such as range of hardware covered and amount of data available. At
the completion of each survey, the usefulness of the data for human rel-
ability analysis was objectively evaluated. The following systems were
surveyed:
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a. Electronic Equipment Failure/Replacement Report

(EFRR) System

b. Casualty Reporting System (CASREPT)

c. Fleet Ballistic Missile Weapon System - TFR
Program

d. Surface Missile System and Air-Launch Missile
System Performance and Failure Reporting

e. Air-Launch Guided Missile Systems Performance
Data Reporting Program

f. Surface Missile System Equipment Status Log

g. Material Maintenance Management (3-M) System

h. Fleet ASW Data Analysis Program (FADAP)

- 8.The effort dealing with the indirect approaches consisted of

the development of two mathematical techniques neither of which relies
on the direct reporting of human-initiated failures and malfunctions.

9. The first approach is termed the Elementary Reliability Unit
Parameter Technique (ERUPT). By grouping the components of a weapon
system into Elementary Reliability Units, ERUs (the lowest levels at
which maintenance is performed), this approach provides a means of in-

ferring human performance parameters from available equipment reliability
and maintenance data. In the preliminary stages of development during
this study, ORI quantified two measures of human performance during
maintenance as part of a model expressing weapon system readiness.
These two parameters were:

a. The probability that a failure is detected and
repaired during maintenance

b. The probability that maintenance does not
induce failure.

The model consists essentially of equations and computational routines

for deriving system measures of effectiveness from failure and maintenance

parameters.

IC. The second indirect approach uses multivariate correlation

analysis techniques to relate certain personnel character'jtics of indi-

viduals operating and maintaining the equipment to number of failures
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and equipment repair times. Multivariate correlation analysis is a well
known statistical technique used to measure the degree or the importance
of the relationship between a dependent variable and a set of Independent
variables. Data obtained on two equipments from the 3-M system were
used in conjunction with personnel characterigtics of the crew associated
with those equipments during selected time frames. Although the analysis
was performed only on a pilot basis with a limited set of data, several
significant relationships were determined.

FINDINGS, CONCLUSIONS, RECOMMENDATIONS

11. During the first phase of the study it was found that existing
failure reporting systems do not yield meaningful data on human-initiated
malfunctions. Most systems have no provisions for reporting information
on human performance as related to failures. Many of the reporting systems
surveyed were in various stages of being phased out of use. In most cases,
a strong reluctance to report all failures, particularly human errors, was
noted. What information was found to exist on human errors was very gen-
eral and was not being used for human failure analysis. Indeed, meaning-
ful analysis of the reported data did not appear feasible. Some provisions
were being made, however, for inclusion of human-initiated failure data
in the 3-M system. These data warrant further investigation for possible
improvements that will make them useful in human reliability analysis.

12. During the later phases of the study the feasibility and applica-
billtyof two indirect approaches were determined, and mathematical models
and equations were developed for their application. A pilot test on a limit-
ed data base was also conducted during the development of each techr que.
The results of the pilot tests revealed that both techniques are potentially
extremely useful tools in human reliability analysis, and that they could
lead to significant breakthroughs in the quantification of human performance.

Recommendations for Further Action

a. One of the major problems associated with
failure reporting systems is their use as an
information source for disciplinary or promo-
tion-review purposes. It is recommended that
BuPers initiate an educational program to
clarify the basic purposes of these reporting
systems.
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b. Another problem associated with reporting
systems is the design of the forms that are
used to report failures. It is recommended
that a study be conducted to design a failure
reporting form which would assure, with some
degree of confidence, the correct identifica-
tion of the causes of failures.

c. Based on the feasibility of the two indirect
approaches, proven in this study, it is
recommended that they be further developed
by extending their aprication to a larger
data base and to other cio-ses of equipment.
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I. INTRODUCTION AND BACKGROUND

GENERAL

1.1 This report represents the results of a research study on human
reliability conducted by Operations Research Incorporated (ORI) under
Contract Nonr 4451(00) for the New Developments Research Branch,
Personnel Research Division, Bureau of Naval Personnel.

CONTRACT BACKGROUND

1.2 In recent years, the Navy has become more aware of the role of
the human element in system effectiveness. Increasing emphasis has
been placed on the personnel subsystem in new system development, and
the need for new tools. and techniques in human reliability analysis and
prediction has become apparent. The recognition of this need is evi-
denced by SECNAVINST 3900.36, dated 27 January 1966. 1 / * The purpose
of this document was to "establish policy for the guidance of efforts to
increase the reliability of naval material and to assign responsibility
for its achievement." It set forth the objective of achieving and maintain-
ing "the highest level of reliability in naval material commensurate with
economic, technological and logistics constraints in context with the
operational requirements for the material."

Footnote numbers refer to correspondingly numbered items in Appen-
dix F.
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1. 3 It also assigned to the Chief of Naval Personnel the responsi-
bility to:

1. Coordinate with the Chief of Naval Material
and the technical bureaus and offices to develop
and implement reliability educational programo
for military personnel assigned to technical, con-
tracting and quality assurance billets and assigned
to the supervision of these activities.

2. Develop techniques, methods, and knowledge
ir the field of human reliability.

3. Participate in the human factors analysis for
reliability in each Navy system as appropriate."

1.4 This research program was then initiated in response to SECNAVINST
3900.36 and was directed toward the following tasks:

a. Analyze existing failure reporting systems to
determine the extent of the coverage and the
availability of data on human-initiated mal-
functions and failures.

b. Determine and delineate how available data from
these systems, as they presently exist, can be
used in support of the requirement for human
reliability analysis.

c. Recommend and define further research to refine
and improve the human reliability dnalysis func-
tion and th" systems for collecting data on human-
initiated malfunctions.

1.5 At the completion of the first task, it became apparent that the
existing failure reporting systems did not yield data on human performance
or, more directly, on human-initiated malfunctions. The conclusion led
to further discussions with the scientific officer and resulted in the re-
direction of the contre-t effort. ORI proposed to explore approaches to
human reliability which would riot depend on human performance data from
failure reporting systems as the sole or primary input. The contract was so
redirected and the research effort was concontrated on the investigation
and development of two "indirect" approaches to human reliability.

2



I
I

ROLE OF HUMAN RELIABILITYI
1.6 Reliability has become a commonly used term in the design,
develop'ment, production, and operation of weapon systems. It is generally
accepted as one of the most significant contributors to system effective-
ness and has become a fundamental characteristic of every component,
module, subsystem, or total system. Until recently, the concept of relia-
bility was considered only as it applied to hardware design and operation.
However, technological advances and the complexities of modern weapon
systems are imposing severe requirements on operating and maintenance
personnel. As a result, the importance of the human element in the
determination of total system reliability and, subsequently, total system
effectiveness is beginning to be realized.

1.7 Over the past decade, the contribution of the personnel subsystem
to system reliability and effectiveness and the degradation in system per-
formance due to human error and human-initiated malfunctions have been
subjects of numerous studies and research programs. The now-classic
study in 1960 by Shapero, et al.9/ gave probably the first major impetus
to these areas of investigation by showing that from 20 to 5A percent of
all system malfunctions in nine missile systems under study were caused
by human error and/or human-initiated malfunctions. Numerous subsequent
studies by Meister, -. Cooper , 4/ W i l lis, / and others have substantiated
the fact that a significant percentdge of system unreliability was caused
by human error.

1. 8 Concurrent with the technological advancements, the techniques
for conducting analysis of system reliability and effectiveness and the
prediction of hardware reliability have also advanced considerably. With
more extensive usage of the computer and automa t ic data processing (ADP),
complex models are being applied through the use of volumes of data from
laboratory and field operations. The degree of sophistication achieved in
analytic techniques has created a science of systems analysis and replaced
intuition with mathematical calculations.

1.9 The criticality of the human element in system effectiveness and
the development of more sophisticated system analysis techniques places an
added burden on human factors specialists as they try to assume their role
and perform their functions in new weapon system development. In order to
participate meaningfully in new system development and to influence equip-
ment 6esign, they must deal in terms that are commensurate with the tools
and information available to systems and design engineers. The obvious
conclusion is the often-stated requirements for the quantification of human
performance.
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1. 10 Human factors or human engineering does not yet enjoy the wide-
spread acceptance in system engineering circles that it deserves. In spite
of the results of the previously cited studies, some people fail to recognize
the criticality of the human element in system effectiveness. These same
people will continually look for more advanced techniques in hardware design
with a total disregard for the human component. Others, on the other hand,
arbitrarily and indiscriminately blame most problems on lack of training or
failure of supporting personnel to follow procedures. To convince systems
systems analysts of the importance of the human element in systems
analysis and to determine the contribution of the various characteristics
of the personnel subsystem to human-initiated failures, there is a dire
need for factual, quantified data on human performance.

1.11 It is to these problems that this research program on human
reliability was directed. ihe heart of reliability analysis and prediction
is the availability of extensive statistical or historical data derived from

failure reporting of weapon system malfunctions while under test or during
operation and maintenance. Through the analysis of failure reports, the
malfunctions of a component, subsystem, or system can be pinpointed and
causes determined. As it applies to equipment, this procedure has been
initiated and has been in operation for some time in all branches of the
Navy. Similarly, there is a definite need for reporting and analyzing
human-initiated malfunctions and for determining their causes.

ORGANIZATION OF REPORT

1.12 Section II discusses the need for common terminology and
definitions in the human reliability field. Some basic definitions which
set the framework for this study and a detailed breakdown and identifi-
cation of the various types of human error are also provided.

1.13 Section II also describes the broad scope of the human relia-
bility study as it applies to the total life cycle of a system from its con-
ception to its last day of operational usefulness. It addresses the problem
of dealing with human reliability in such a broad context and calls for the
limitation in scope to particular phases in the life cycle of weapon systems. n

1 .14 Section III relates the results of the first phase of the study
which dealt with the investigation and analysis of existing failure
reporting systems in relation to their treatment of human performance and
human-initiated malfunctions. The section discusses the most significant
problems associated with the reporting of failures caused Ly human errors
and offers recommendations regarding basic improvements in failure reporting
systems.

4
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1.15 Section IV discusses the need for indirect approaches to human
reliability which would not be dependent on the direct reporting of human-
initiated malfunctions. Two approaches developed by ORI are described
and the results of pilot applications of these techniques are provided.

1.16 Section V summarizes the study res-lts and the conclusions
derived fror, their analyses. A set of recommendations for specific actions
to be instituted by the Navy and for future research studies is also
provided.

1. 17 Appendices A through D contain mathematical derivations, pilot test
results, and compute: programs for one of the twc indirect approaches to
human reliability. Appendix E describes the methodology used to evaluate
hypotheses. Appendix F, the bibliography, lists (a) works referenced in
the report and (b) works used for background information.

-5
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II. DEFINITION OF TERMS

INTRODUCTION

2. 1 One of the prerequisites for conducting research in any dis-
cipline is a set of well-defined terms or parameters that are widely used
by researchers in the field. For example, in the "hardware world" such
terms as reliability, MTBF, performance measurement, etc., have been
used for a number of years and have acquired universal meaning. One
continuing problem tnat has plagued researchers in the field of human re-
liability is the lack of a well-established glossary of terms to provide
a common base for study and analysis conducted in this field.

z. 2 A report by the Department of Psychology of ' e University of Southern
California-/ cites a good example of this lack of common terminology by
quoting some definitions of maintainability from the EIA Task Group's Guide:

"Maintainability is a quality of the combined features
and characteristics of equipment design which permits
or enhances the accomplishment of maintenance by
personnel of average skills, under the natural and
environmental conditions in which it will appear."

"Maintainability is the assurance that specified main-
tenance procedures will be completed in a given
environment within a satisfactory time."

"Maintainability is the ease with which a device
can be kept operating."

7



"Maintainability can . be defined. ..as the
probability that the system can be returned to
service in a given period of time. Maintain-
ability as thus def-ted can be measured by the
system mean-downtime." -4

"Maintainability is a measure of the speed and
ease with which preventive maintenance can
be performed or equipment malfunctions diagnosed
and corrected."

2.3 On the other hand, the Reliability and Maintainability Training
Handbook prepared by General Dynamics Astronautics 7/ offers the
following definition:

"Maintainability is the speed or economy with which a system
or component ran be kept in, and/or restored to,
full performance capability. A principally-used measure
is the average number of failures iestored per hour
of Corrective Maintenance time which is the reciprocal
of MTTR. Another is the fraction of attempts wherein
restoration is completed in a specified time, or the
probability that it will be completed in that time.
Another is the functional time obtained per dollar
cost of preventive and corrective maintenance."

2.4 Human reliability in itself has not been defined adequately, and
researchers have attached different meanings to the whole concept. Meister, - /

as an example, defines human reliability as "the probability that a job
operation will be successfully performed by personnel at any required stage
in system operation within a criterion time period."

2.5 Rabideau offers the following definition: "Personnel Subsystem
reliability is a function of the frequency of occurrence of human error in the
execution of required system funcLons, insofar as such error affects the
system's outputs and component conditions. " 8/

2.6 Captain Majesty of the Air Force Ballistic Systems Division
attempted to express human reliability in terms of a figure of merit and
"consequently, human rel'ability can be compared to hardware reliability
... .Human performance, like hardware Ieformance, must satisfy the
performance requirements of the system." V

2.7 Similarly, most terms used in the field of human reliability or
the quantification of human performance lack common definition.

8
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DEFINITIONS

2. 8 To provide a framework for this study and to attempt to reduce

some of this confusion, the following three terms are defined as they are

used in this report:

a. Human error. Any action of the human element of
a system that is inconsistent with a predetermined
behaviorial pattern established in the system spec-
ifications and in the resulting system design.

b. System failure or malfunction. Any system performance
that does not meet the requirements established by de-

sign specifications arid documentation. This definition
further breaks down into two types of failures: total system

f in which there is a complete breakdown in

performance, and system degradation failure, in which

the system fails to perform up to a specified level of

performance over a period of time.

c. Human reliability. Probability that human error will
not cause a system failure or malfunction.

Types of Human Error

2.9 Note that human errors that do not result in system failure are

excluded from human reliability considerations in this report. As discussed
by Meist-r in 1964, 0/ only errors that affect the system performance have

any meaning to the system analyst. As an example, the failure to perform

an act which is discovered in time and is subsequently performed would he

considered a himan error, as previously defined; but, since it has no bearing

on system performance, it would not be considered in any human rehabilhy

analyses. Further, because of the limitations imposed by data retrieval,
discussed later ir this report, obtaining information on this type of human

error on a continuous basis is nearly impossible.

2.10 The lack of commonality in the attempt to classify the types of

human error is also evident in the works of researchers in this field. The

following are examples of some of these classifications.

"Terminal error - all deviations from procedures which
always result in failure of the operation.
Risk error - omission of prescribed precautionary measure,.

Residual error - all other deviations from procedure.'

"Design error - failures resulting from inadequate design.
F rication error - failures resulting from poor workman-
sl ,p in the factory.

9



'Operating error - failure resulting from personnel operating
the equipment incorrectly in the field. There are several

subcategories:

1. failure to follow procedures
2. use of incorrect procedures or lack of

correct procedures
3. use of improper tools or lack of correct

tools
4. motivational error

'Maintenance error - failure resulting from incorrect
installation or repair of equipment in the field.

I. repair error
2. installation error
3. calibration error

'Contributory error - failure resulting partially from
mechanical-electrical-electronic factors and partially
from human error. "Y

"Performance of a required action incorrectly.
Failure to perform the required action.
Performance of a required action out of sequence.
Performance of a non-required action. "

"Errors of omission

1. errors of memory
2. errors of attention

"Errors of commisalon

1. errors of identification
2. errors of interpretation
3. errors of operation. "I_/

Z.11 In this report, the types of human error are broken down into two
major categories, predictable human errors and random human errors.

2.12 Predictable human error refers to those occasions in which a causal
relationship can be established between the inconsistent behavior (with
respect to system specifications) and some external influence. There is a
high degree of probability associated with the recurrence of these errors
under Identical or even similar circumstances. The number of this type of
error can be reduced by modifying the external influences through the
redesign of either the hardware or personnel subsystems or by the change
of system specifications.

10 I



2. 13 With respect to random human errors, it is recognized that the
human element represents the most unpredictable and complex component
of any system, since its psychophysical makeup creates a tendency toward
random, nonpredictable behavioral patterns. Some of this irregular be--
havior cannot be attributed to any particular cause, and other causes,
even though identifiable, will not logically be considered as ariteria for
a design change. Further, there is a very low degree of probability
+hat under similar or even identical circumstances such errors will recur.
This category of errors is termed random error.

2. 14 Figure 1 illustrates a representative breakdown of various types
of human errors which may be structured in the form of a failure or error
analysis tree. The cause for any system or subsystem failure is first
categorized as either an equipment-initiated malfunction or a human-
initiated malfunction. If the human element is assumed to be the causal
agent, the human error or failure can be further reduced to the two elements
of predictable and random human errors. If it is deemed that the failure was
caused by a random error, a component of human reliability has been iden-
tified and the analysis is therefore completed.

2. 1 5 The design element of predictable error can be further broken down
into equipment design and procedural problems. Equipment design includes
what is normally considered a human engineering problem, in which the
hardware design has an apparent deficiency from a human factors standpoint.
This type of error should be reverted back to equipment failure and be in-
cluded in equipment reliability considerations. Thus, it is either corrected
by equipment redesign or, because of cost or other considerations, retained
as a inherent reliability characteristic and figured into subsequent MTBF
considerations.

2.16 Under procedural problems, two subcategories can be considered,
those that involve equipment (tool) availability and those that involve the
availability of proper procedures, which, in the negative sense, could mean
the complete lack of tools or procedures or the availability of improper
ones. Here again the analysis is completed since, essentially, the human
element has been taken out of the causal relationship and the problem is
reverted to a system redesign in the procedural or support equipment area.

2.17 It is pointed out that these types of errors do not include
the selection of improper equipment (tools) or the selection of improper pro-
cedures, since both cases can be considered as either random error or
a personnel characteristic that is an element of predictable error, as de-
fined in the ensuing paragraph.

2. 18 The personnel characteristics aspect of predictable human errors
entails all those errors in the latter category that are directly attributable

11
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to the operator or to the composition of the personnel subsystem. Even in
this category, a further breakdown yields a component that results from
influences external to the personnel subsystem. This subcategory is
termed "environmental conditions" and covers those human errors that
are caused by external factors such as weather conditions, combat con-
ditions, or sea states.

2. 19 The number of occurrences of such errors can be reduced by a
system redesign in which such things as relocation of certain equipment
within the overall system configuration are considered, or by a speci-
fication change where, for example, using the system under certain con-
ditions is deemed unfeasible.

2.20 The remaining component of personnel characteristics is identi-
fied as personnel composition. Here, we finally arrive at that aspect of
predictable human error which is directly attributable to the human element
and results from such contributing factors as training, staffing, selection,
and motivation.

2.21 A detailed discussion of motivational errors in psychological terms
is outside the scope of this report except for the random vs predictable
error classifications that can also be applied to this area. There are

"interpersonnel" motivational errors which result from insufficiency or
lack of motivation of an entire group, and they should be the subject of
system redesign consideration. "Intrapersonnel" motivational errors
involve the psychological problems of individuals owing to special cir-
cumstances and, as such, are considered random errors and would not
be considered in system design. The other three components of personnel
composition meed no further elaboration.

2 .22 It is significant to note that the last four factors (traditional ele-
ments of manpower management) represent only one of the final links in
this analysis tree, even after a human error has been established as the
cause for system failure or malfunction. Yet, when conducting interviews
in the field, there is a tendency to attribute all breakdowns in the personnel
subsystem to this one component and to the training factor in particular.
However, until we can quantify human performance and determine the
relative magnitudes of the various components at different levels of the
analysis tree, it is difficult to disprove this misconception. If human
reliability analysis techniques are going to be developed in a quantifiable
form commensurate with system reliability techniques, data will have to be
made available to support analysis as outlined in the foregoing discussion.

LIMITATIONS IN SCOPE

2.23 The concepts of human performance and human reliability have
an application in all stages of the life cycle of a system, from its very

13



beginning in the conceptual phase to the last day of its operational use-
fulness. Further, all system failures and malfunctions (except certain
laboratory tests) can eventually be traced ack to some form of human
error, whether it occurred on the drawing board, in fabrication, in test-
Ing, in operation, or in maintenance. Along with a lack of definitions
and uniform terminology, the consideration of the term "human reliability"
in such a broad context is one of the factors most detrimental to perform-
Ing research in this field. By attempts to analyze human reliability
during the total life cycle of the system, all efforts are diffused to the
point that it is extremely difficult, if not impossible, to achieve a signi-
ficant breakthrough. It therefore becomes imperative to limit the scope
of our research to certain specific phases of the system's life cycle.

Z. 24 It is considered that human reliability during design and produc-
tion phases are subjects of a separate area of analysis. In no way does
this distinction minimize the criticality of human error in these two phases,
and there is a definite need for additional research in those areas. They
are not, however, a part of human reliability as defined in this report.
Rather, they are a part of equipment reliability that is inherent to the sys-
tem when it is assimilated into the Navy inventory at the beginning of its
operational phase. By definition, then, this report deals with human re-
liability during the operational phase (which includes operation and main-
tenance) of the system life cycle.

2.25 Failure reporting systems were scrutinized for data in both opera-
tion and maintenance areas of the system life cycle. Emphasis was placed
on the maintenance area in the indirect approaches because maintenance
"success" seems to depend more on the human element than on the opera-
tional environment. Also maintenance criteria were more easily quantifiable.

14
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III. HUMAN-INITIATED MALFUNCTION DATA

GENERAL

3.1 Considerable effort has been expended by researchers in an attempt to
quantify human performance. Numerous models and equations have been devel-
oped and many of them appear to be quite useful tools for predicting and/or
measuring human reliability. Most researchers agree, however, that none
of these models can be applied with any predictable degree of success
until they can be validated through actual data obtained from the field.

3.2 Here, again, equipment reliability prediction and analysis have
a significant jump on similar efforts in human reliability. As Meister.L.12/

points out, the prediction of equipment reliability is based on historical
record or performance data and the logic of assumed similarity between
equipments. Throughout the years, a wealth of data has been collected on
equipment performance which now forms the basis for reliability analyses.
Of course, collecting data on equipment performance is considerably
simpler than obtaining data on human performance. One can test equip-
ment under controlled and simulated conditions in the laboratory with
reasonable assurance that the same equipment will perform in the same
manner under similar conditions in the field. Unfortunately, the human
element is far more complex. One cannot test an individual in the
laboratory and then predict with any degree of assurance that he will per-
form in the same manner under actual field conditions. There are so many
Variables that can and do affect human behavior and, in turn, performance,
that it is virtually impossible to duplicate or simulate them under a con-
trolled test environment. And, even if it were possible to test an indi-
vidual in the laboratory and then predict his behavior in the field, there
is little assurance that another individual would behave in a similar
manner.

15



3.3 These problems do not indicate, as is sometimes felt, that it is

useless to try to obtain data; rather, they point to the fact that we need

even more data to overcome the problems to perform human reliability
analyses than we need to perform equipment reliability analyses.

HUMAN-INITIATED MALFUNCTION REPORTING

3.4 At the onset of this research study, the decision was made that,
rather than try to develop a new model for predicting human reliability,

an investigation should be made as to what data are presently available

in the Navy that can be used for human reliability analysis. To accomplish this

investigation, an intensive review was conducted of the failure reporting systems
presently used by the Navy. The investigation revealed that these systems

are almost completely void of any information dealing with the human ele-
ment. The first and most obvious item looked for was some direct means of

distinguishing between equipment failures and human-initiated malfunctions.

None of the systems directly yields data that will permit this type of distinc-

tion. In some cases, the list of codes used to identify the type and/or

cause of failure does not even include any data that could be associated
with the human element.

3.5 The following paragraphs describe the various systems investigated

during this study. Copies of forms and printouts used by these systems

were obtained and numerous individuals were interviewed who are presently

or were then actively associated with these systems.

Electronic Equipment Failure/Replacement Report (EFRR) System

3.6 This reporting system was initiated in May 1961 by the Bureau of

Ships [presently Naval Ships System Command (NAVSHIPSYSCOM)7. The

system requires that a report be completed (BuShips 10550-1) for every re-

pair action that involves the failure and/or replacement of electronic,

electrical, or mechanical parts, units, or assemblies in equipments speci-

fied in the Electronic Information Bulletin (NAVSHIPS 900.002A). This requirement

applies to all facilities using or repairing NAVSHIPSYSCOM electronic equipment.

3.7 With the advent of the Material and Maintenance Management (3-M)

system, the EFRR has been completely phased out as it applies to operation

and maintenance aboard ships. The EFRR system is still operational in shore fa-

cilities, and there is no evidence of any official document authorizing or di-
recting the complete phase-out of the system.

3.8 The Electronics Maintenance Engineering Center (EMEC) is re-

sponsible for the operation of the system. Data gathered through

16



U EFRR are available at this facility. Under the new organization, EMEC
is presently identified as Norfolk Division, Naval Ship Engineering
Center (NORDIV, NAVSEC). A computer program is presently being developed
by this agency which will accept both EFRR and 3-M data to provide
continuity in existing reports and ongoing analyses.

3.9 The report completed by the technician or engineer making the
replacement or discovering the failure is forwarded to Code 679C, BuShips
(now NAVSHIPS). Prior to 1965, analysis of the data was performed by
private contractors and the results and forms were sent to EMEC, Norfolk.
Since 1965, EMEC has been performing all analyses and data processing
of the information made available by the system.
3.10 Figure 2 is a copy of the report form used by the system.

The form does not identify the individual who operates or maintains the
equipment, but rather, the individual who discovers the failure. The two
may or may not be the same person (Item 2). Items 4 and 5 can yield
information from which equipment down-time can be calculated. Items 18
and 20 provide type-of -failure and cause-of-failure codes, respectively.
Tables 1 and 2 set forth the codes used in these two categories. No
codes in either category are applicable to human-initiated malfunctions.
A further problem associated with the system is :hat reports are
often not completed for failures which did not require replacement of parts
and were repaired immediately.

Casualty Reporting System (CASREPT)

3.11 Authority and details of CASREPT are found in "Operations
Report" (NWIP 10-1 (A) Article 510, classified CONFIDENTIAL and
NAVMATINST 4000.23, dated 25 Aug 66).

3.12 A casualty is defined as an impairment of any resource, including
personnel, which does not permit full combat readiness of the naval element.
Inputs to CASREPT of completed questionnaires are received in NAVSUPSYS-
COMHQ. The items answered on these quesiounai..-s for each casualty
are shown in Table 3.

3.13 All naval elements, such as ships and shore stations, are respon-
sible for reporting casualties that occur. The purpose of CASREPT is to
keep CNO informed on the current combat readiness of all naval elements.
The codes used to identify combat readiness are shown in Table 4. This
system has been modified to coordinate it with the 3-M system.

3.14 The most relevant input item to the CASREFT report is the cause of
the ca, ualty. Code 0411 assigns one of the following base cause codes to
the reason supplied by the Commander in charge of the naval element:

a. Material failur,-

b. Design failure

17
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TABLE 2

_______CAUSE- OF -FAILURE CODES

C od e Cause

1 Prime power surge

2 Handling damage

3 Shipping damage

4 Shock or vibration

5 Extreme cold ambient temperature

6 Extreme hot ambient temperature

7 Result of other part failure

8 Deterioration in use

.19 Deterioration

0 Other, explain under "remarks"
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I

c. Personnel error

d. Storm

e. Collision

t. Grounding

g. Fire

h. Explosion

i. Unknown

3.15 Outputs may be summariLed by any of these base codes or by
categories of the other input items. Discussions with personnel associated
with the system revealed that the percentage of times Item c is indicated as
the base cause varies from 1 to 10 percent of all codes used depending on
the equipment in question. In all cases, the percentage is low and is not
believed to reflect actual conditions.

3.16 Casualties are reported to Code 0411 when they are considered
"significant" by the Commander in charge. Thus, because of the strong naval

•* tradition to accomplish the job regardless of adversities, it is questionable
whether all significant casualties are promptly reported to Code 0411.
Commanders in charge realize that an abnormally high number of reported
casualties may affect promotions.

Fleet BalListic Missile (FBM) Weapon System - Trouble and Failure
Report (TFR) Program*

3.17 The FBM Weapon System TFR Program has been established to
communicate troubles and failures and associated corrective actions among
FBM activities under the cognizance of the Special Projects Office (SPO).
The system is also used by FBM Weapon System contractors as a basis for
corrective action in manufactuiing processes cnd quality control, for system
modifications and redesign, and for correcting do-ument errors.

3.18 The TFR Program consists of four major elements:

a. Reporting of FBM troubles and failures

b. Reporting of operating time on FBM equipment

c. Analysis, evaluation, and corrective action

d. Information feedback and Fleet liaison.

• Most of the information presented her9 regarding the TFR Program was

taken from SP Instruction 3100. lB. 1-/

i
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The vehicle for reporting troubles and failures is SP Form 3100.1A (TFR),
shown as Figure 3.

3.19 The Fieet Missile System Analysis and Evaluation Group (FMSAEG),
under the direction of SPO, is responsible for the administration of the FBM
Weapon System TFR Program and the performance of certain operations within
the program. FMSAEG maintains and operates a center for receiving all TFRs,
Elapsed Time Meter Records (ETMRs), and other records completed by all
participating activities and, in turn, provides copies of these records to
appropriate activities. This group continuously analyzes all data resulting
from TFRs to identify problem areas, failure trends, or system quality or
reliability degradation. The group also initiates TFR Corrective Action Reports
(CARs), shown in Figure 4, as appropriate. FMSAEG maintains a computer file of
TFR data generated which provides a central data bank of historical failure
information.

3.20 The TEMRs have been developed for the reporting of operating times
on FBM equipments so that the malfunctions which have been separately re-
ported on TFRs can be correlated with the operating time of the pertinent
equipment. A copy of the ETMR is presented as Figure 5.

3.21 Corrective action reporting in the TFR Program is one of the most
significant features of the system because it provides a closed loop for the
disposition of system failures and malfunctions. All contractors in the FBM
Program participate in the TFR/CAR system. This system provides strong
assurance that the malfunctions will be well defined and that the cause of the
failure will be determined, thus initiating proper corrective action. FMSAEG

prepares and distributes monthly TFR Summary Reports, the basic purpose of
which is to provide timely feedback of corrective action information to program
participants. Figure 6 is a flow chart which portrays the action and the
information flow of the TFR Program.

3.22 The analysis and/or editing of TFRs is accomplished with the
TFR Worksheet (Figure 7). This worksheet is designed to permit the trans-
cription of the information contained on the TFR to a format that enables the
key-punching of the desired information onto cards and transfer to tape.
Information storage, processing, and retrieval is accomplished through a
computer program called Variable Information Processing. Detailed instructions
for completing the worksheet provide lists of words and phrases of common
terminology to be used when completing Blocks 26 through 30. Two of these
lists, "Types of Trouble or Failure" and "Description of Trouble or Failure,"
which are of significance in the content of this report are shown in Tables 5
and 6, respectively.

3.23 As evidenced by the foregoing discussion, the TFR program is
primarily geared to equipment and total system considerations. Little or no
provision is made for dealing with the human element. Admittedly, the
description of the type and cause of a failure is accomplished through
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TABLE 5

TFR TYPES AND DESCRIPTIONS

Type Description

Assembly The failure occurred or was discovered during assembly operations and
testing, such as mit. ile assembwly at PMFA!MAB.

Documentation The TFR reports a document inadequacy.

Expended normally The component, such as a missile battery, performed satisfactorily and
was expended in the process. in this case, the TFR Is used as a shipping
document.

FAT The failure occurred or was discovered during final acceptance tests at
the factory.

Installation I The TFR was written to document the failure of a spare during installation
and testing operations before deployment.

Installation spare The TFR was written to document the failure of a spare during installation
and testing operations at the shipyard before deployment.

Life The calendar or operating life of the component was exceeded, or the
remaining calendar or operat.g life was insufficient for deployment.
The word "Life" is to be modified by a subfield as follows: LfK
calendar or Life/operating.

Overhaul The failure occurred or was discovered d.iring SSBN or Tender overhaul
operations. This category also applies to items replaced although not
specifically considered failed components.

Overhaul spare The TFR was written to document the failure of a spare during overhaul
operations.

PMMP-627-A The TFR refers to components failed or replaced in compliance with
(for example) specific preventive maintenance programs. The program-identifying

number must be included as indicated.

Recall The TFR refers to components returned on compliance with specific SP
recall directives. This type of TFR will seldom be a valid failure, and
in most cases the item is returned for special investigations and the
word e call" appears on the TFR.

Receiving The failure occurred or was discovered during the intial receiving
inspection and test operations on new components received by shore
activities directly from the vendor, such as missile component, at
PMFA/ICPB.

Recertification The component did not fail but for one reesor. or another was returned
for recertification. The word "Recertification" appears on this type of TFR.

Refit The failure occurred or was discovered during refitting operations per-
formed as part of the refit program. The word "Refit" appears on this
type of TFR. This category is used on PMFA or PMFP TFRs on missile
components in the same manner as the cai*egory 'Overhaul" fur SSBN
and Tender equipment.

Repair The trouble or failure occurred or was discovered during retosting or
repair of fleet returned failed components.

Repair spare Tne TFR was written to document the repair of a failed spare by a repair
activity.

Routine The trouble or failure occurred or was discovered during normal routine
operations and tests on board SSBNs and Tenders. This category will
also apply to failures of test and checkout equipment luring normal
operations at shore stations.
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TABLE 5 (Cont)

Type Description

SPALT/00O The TFR was written to document difficulties encountered in the ac-
complis. ment of an authorized alternation (SPALT, SHIPALT, SPALTRA,
ORDALT. WEPALT), or to repot inadequacies in materials or instructions

provided for the accomplishment of alterations.

Spare The failed component was a spare part, e.g., a defective spare which
was removed from stock for inspection and test. This category is most
applicable to SSBN and Tender spares. It is not a useful category for
PMFA or PMFF TFRs since many components delivered to these activities
are not always assigned to a system, and therefore, all such units
could be erroneously considered spares.

Special t~st The faiiure occurred during compatibility testing aboard Tenders or
SSBNs or at shore activities. This category includes the testing
operations performed on SSBNs in th6 shipyards which cannot be classed

as routine or installation.

Surveillance The failure occurred while performing inspection and testing on com-
ponents in storage in accordance with a surveillance program.

General Failure Categories (Subfields)

Functional Any unsatisfactory performance during testing or operation or any non-
conformance to operating requirements. It is to be used to modify the
"Type of TFR" categories if applicable.

Handling Any defect that can be attributed to handling by Navy personnel.

Unconfirmed Any previously reported failure not verified by the subsequent activity
retesting the component. It is to be used to modify the repair-type
category only, if applicable, as follows: repair/unconfirmed.

Workmanship Any defect which can be attributed to the oversight or carelessness
of factory personnel.

Design Any defect or unsatisfactory performance reported on the TFR as a

design deficiency (not an analysis by FMSAEG).

Shipyard Any defect which is reported on the TFR as caused by an oversight or
by carelessness of shipyard personnel.
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TABLE 6

STANDARD FAILURE DESCRIPTOR PHRASES

Adjustment/improper Gain/low Pressure/low

Alignment/improper Humidity/excessive Regulation/poor

Arcing/excessive 'rdentification/mi s sing rpm/low i

Back re'i:ance/low Idle current/low Residual magnetism/

Balance/improper Impedance/mismatch lacking

Bandwidth/narrow Index Resistance/low

Bias/high Inductance/low Response/slow

Calibration/improper Insulation/split Roll/improper

Capacitance/low Jitter Sequence/incorrect

I Circuit/open Leakage/nitrogen Sensitivity/low

Clearance/improper Lubrication/inadequate Soldering/poor

Contamination/oil Null Staging/improper

Crimping/inaderquate Operation/improper Surface/scratched

Current/excessive Output/noisy Switching/incorrect

Cycling/improper Packaging/improper Temperature/low

Fatigue Part/missing Tolerance/low

Feed back/improper Phase/shifted Transducer excitation/
low

Fit/loose Polarity/reversed Unknown

Flooded Positioning/improper Voltage/low

Frequency/drifting Power Wear/excessive

Friction Precharge/low
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-.1 detailed narratives; however, all indications are that human-initiated malfunc-
tions are seldom found in the reports. The closed-loop system, with contractor
participation through CARs, should provide a vehicle for identifying human-
initiated failures, but experience proves otherwise.

Surface Missile System and Air Launch Missile System Performance andj Failure Reporting

3.24 Performance and failure reporting as related to these two categories
of missile systems are also under the cognizance of FMSAEG in Corona,
California. The type of information available is essentially the same in both
areas. A detailed analysis is performed in conjunction with each firing and a
considerable amount of information is compiled primarily from firing reports
and telemetry data. Because of the general similarities between the two system
categories, only two basic programs are described in detail in this report:
(a) Air-Launch Guided Missile Systems Performance Data Reporting Program,and
(b) Surface Missile System Status Log.

3.25 Air-Launch Guided Missile Systems Performance Data Reportin2_Program.
The purpose of the program is to collc-t air-launch weapon system data from
representative fleet squadrons under day-to-day operating conditk ,s. Weapon
system performance data reports are collected routinely on all air-launch
missile firings and attempted firings and on all operations involving counter-
measures which attempt to degrade system performance. Special performance
data are also collected as required on a sampling basis to meet requirements
not satisfied by routine reports.

3.26 The data collection program operates as follows. Routine report
forms (NAVWEPS Forms 8811/4, 8811/5, 8811/6, and 8d12/1, as applicable)
are completed each time an air-launch missile firing attempt is made, or each
time the weapon system is employed in a countermeasure environmer....
Examples of these forms are shown in Figures 8 through 10, To provide
necessary data on subsystems or operations not obtained routinely, FMSAEG
administers indiviQual sampling programs in specific problem areas. In most
instances, these programs require highly individualized data forms in lieu
of the routine data forms mentioned previously. Figure I1 presents the
code sheets used in conjunction with the report forms.

3.27 With the aid of telemetry data, in-depLh analysis can be perfurmed
and the performance of the systems under test evaluated with reasonable
accuracy. The analysis of the results of these findings have revealed that
up to 10 percent of all the failures can be attributed to the human element.
Indications are that this figure is considerably lower than the actual
percentage. Unfortunately, outside of pointing to the significance of the
problem, this type of information is of little use to the human reliability
analyst. There has been virtually no attempt made to analyze the human-
initiated failures to try to relate them to personnel characteristics. The
rlight Crew History shown in Figure 12 could be used for more meaning-
ful analysis by comparing crew characteristics with failures,
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PROJECT SPARROW SHOOT - FLIGHT CREW HISTORY

1. DATE 2. SQUADRON 3a. PILOT (Full Wame) j3b. RIO (Full Name)

4. FMSAG Assigned Number PILOT!
a.

rum -

5. Total

6. F4 Type

7. Jet

F?,I=OUS TRADIIN (8-14 answer yes or no)

8. R.A.G. (Replacement Air Group)

9. East Coast (VF-101)

10. West Coast (VF-121)

11. No Formal R.A.G. Training

12. RAG Grad Within 6 months

13. RAG Grad Within 1 Year

14. RAG Grad More Than 1 Year

15. Years Designated Naval Aviator/RIO

16. Age . ...

'NMIg OF PRgEVIOUS TOURS

17. Day Fighter

18. All Weather Interceptor

19. V.A. __. ....

20. Other __,__,,__

TOTA.L ZULUIE ARRESTE.D IAIIINGS

21. Izn Type (4)

22. Total Jet

23. Total - All Models

CM EXPERIUCE (Appreximately) TO

24. Total Hours Crew Has Flown Together As A Crew

25. Total Hours Crew Has Flom Together In Last 6 Months

26. Average ?Amber Intercepts Flown Per onth

27. Total Number intercepts Flown +

KWU Oaf MISSIIZS FIRED

28. AD(-7 Series ,. _.

29. AIM-9 Series ......

30. Date of Last ADI-7 Firing

31. Pilot/RIO As A Team (AIM-7)

32. Pilot/RIO As A Team (ADE-9)

233-91-(2-66)

FIGURE 12. FLIGHT CREW HISTORY
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3.28 Figure 13 shows a Firing Report which is used in conjunction with
Surface Missile Systems. The analyses performed on these systems do not
appear to be as detailed as those performed for the Air-Launch Systems.

i.29 Surface Missile System Equipment Status Loci. This system was

established for reporting the operational status of the nonexpendable equip-
ment of Surface Missile Systems. The reporting system is designed to
enable the data to be correlated with the Maintenance Data Collection Sub-
system (MDCS) which is part of the 3-M system. Report 8821/5 (Figure 14)
is submitted weekly giving the status of the equipment for each day of the
week and also each time there is a change in the status. Table 7 provides
the definitions of the various status categories.

3.30 From these reports from all ships, system availability is determined
based on the percentage of time the system was up and the percentage of
down-time. There is no indication of how accurately the status of the
equipment is assessed and reported at any given time aboard ship. Systems
availability could be used by relating it to crew composition. This type
of analysis is similar to those outlined in Section IV.

3-M System*

3.31 It is difficult to discuss the operations of the 3-M system because
It is still in a stage of development; consequently, changes, modifications,
and additions are Incorporated quite frequently. The following discussion takes
into consideration the most recent changes.

3.32 The 3-M system consists of two subsystems: The Planned Mainten-
ance System (PMS) and MDCS. PMS is designed to provide procedures,
schedule phasing, manpower plans, and material requirements for preventive
maintenance. MDCS is established to report extensive data on corrective
maintenance transactions.

3.33 MDCS is the only portion of the 3-M system that can provide
data in support of human reliability analysis. MDCS is designed to pro-
vide a means of recording maintenance actions in substantial detail so
that a great varicty of information may be retrieved concerning maintenance
actions and the performance of equipment involved. In addition to record-
ing maintenance actions performed, the system provides data concerning
the initial discovery of the malfunction, how equipment malfunctioned, how
many man-hours were expended, which equipment was involved, what repair
parts and materials were used, what delays were incurred, the reasons for
delay, and the technical specialty or rating of the person who performed the
maintenance.

Much of the information or) the 3-M system was taken from the 3-M
Manual, OPNAV 43P2..l1
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TABLE 7

STATUS CATEGORY DEFINITIONS AND CODES

Coda Number Status Catego.,,, Definition

Opetriang or Reduced Capability. Equipment is energiz.ed and is being
operated at full or reduced capabaility.

a. Operable at Full Capability - Capable of operation with no
known Impairments or degradations.

b. Operable at Reduced Capability - Having known impairments
or degradations, but still capable of operstion and of accom-
plishment of a significant part of thte tactical mission.

2 Ready or Standby. Equipment is partially energized and is believed to he
operable at full or reduced capability. For some equipment, full power may
be applied but the operate o. transml* switch is not activated.

3 Secured. E4uipment is not energized but is believed to be operable at full or
reduced capability.

4 Inoperable _ Active Mairtenanco. The equipment is not capable of operating
at full or reduced capability on demand. The equipment is undergoing correc-
tive or preventive maintenance.

Inoperable - waitirg SI~dros. The equipment is not capable of operatin, at
full or reduced' capability on 'fernand. The equipment udnnot !,e resr,,r.' t .
an operable status ur~t .1 receipt of ncec.ilf parts.

6 Inoperable - Modsifications . Th!e equipment I -, not cs ifl-' of oieaiJat
full or redu cd ca pabiliity'. The iequipment can not hi- r.'tori- t, an i-rabb-)
stat,. s ontil com7ietion of the nmlificatiwns.

7 naperable - Outsidet Help. The equipment is not cdple of Operating at lull
or reduced capability on demalndi and requirci the a531itaince of outsi :e! per-
sonnel and,!or equipmer~t to restore it to on operable -;1,tu5.

8 Inoperable - Adm inistrative. The equ 'pe 01 is; not i.,opale ot operati o; at Mul
or reduced cii-ability on demnand. Ship's operationsi, ,otivitie,. or procedures
prohibit maintenance action. Equipment is inoperable :Ut no madintenanice is
being performed.

9 Inoperable - Suppor2t EIinni equipment is; wit apabl, ,f Leratoi~ ait
full or reduced ealahility tin tenaci -tcseOf the !Jilur' (If sOPII! f-h10 POC.
of equipment, such as power equipment, test equipmnnet, switchboar. l ehy-
dration equipment, or presSUri~dtion equipment.

40



I

3.34 The MDCS provides a document on which maintenance personnel
record, at the source, designated information corcerning planned or corrective
maintenance actions. The information is recorded 4- - coded '-onfiguration
which permits machine processing. Each maintenance action is reported

j in this manner. Copies of the documents prepared by supply personnel
foi issuing parts resulting from these maintenance actions provide material
and cost information to the Maintenance Data Collection Center for each activity.

T 3.35 Routine preservation (chipping, painting, and cleaning) and daily or

weekly Planned Maintenance actions are reported.

3.36 Documentation in the MDCS is accomplished by the completion
of one or more forms, as applicable, aboard ship. The following describes
the three most significant forms.

a. OPNAV Form 4700-2B, Shipboard Maintenance Action,
is used to record the completion of planned maintenance
actions, corrective maintenance actions, and authorized
alteraions that have been performed at the shipboard
level by shipboard personnel. All planned maintenance
actions except daily and weekly preventive maintenance are
recorded (see Figure 15).

b. OPNAV Form 4700-2D, Deferred Action, is used to
report corrective maintenance actions that are deferred
due to ship's operations, lack of repair parts, or the
requirement for outside assistance. It is used to
record the reason for deferral and to report the completion
of the deferred action. From this form, information relating
to maintenance action deferrals can be analyzed (see Figure 16).

c. OPNAV Form 4700-2C. WorkReuest., is used to
.locument the need and rc,.est for outside repair or
"manufacture" assistance. It is used for workload
planning by repair activities (i.e., tenders, repair
ships).

3.37 Figure 17 gresents a functional flow diagram of the Shipboard
Maintenance Action Report. Tables 8 and 9 show the "Hr~w Malfunctioned"
and the "When Discovered" codes, respectively; and Table 10 presents
the most significant "Action Taken" codes.

3.38 All data provided by the 3-M system are processed through ADP
in the Mechanicsburg, Pennsylvania, facility as are all the standard and
special reports. Since all the information is on tape, it i; more appropriate

to present here all the data elements which are presently punched from the
source document rather than to provide a listing of the standard reports.
Table 11 presents a list of the data elements punched from the various forms
used by the MDCS.
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TABLE 11

DATA ELEMENTS

Administrative Organization Assigned Assisting Work Center

Unit Identification Code Estimated Man-Hours

Maintenance Control Number Requesting Work Center

Date (day-month-year) Serial-Job Description

Type Availability Code Desired Completion Date (day-
month- year)

Equipment Identification Code Service Code

Work Center Start Date (day-month-year)

Assisting Work Center Source Code

Repair Activity Unit Identi- Unit of Issue
fication Code

MALUMRC Unit Identification Code

When-Discovered Code Maintenance Control Number

Action Taken Code Cog Symbol

Unit- Federal Stock Number

Man-Hours (tenths) Additional (TSMC)

Serial/Noun CID/API.AEL/AN

Card Code Reference Symbol

Alteration Identification Quantity

Equipment Time Unit Price

Equipment Down Time Card Code (FO)

Assigned Work Center
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3.39 The 3-M system is continually expanding and will eventuAlly
cover all types o' systems and equipment. Presently, its coverage is
most extensive in the electronics area. The 3-M system is designed
primarily as a r.aa ntenance accounting system providing information on
material and mapoWer uage in terms of juantities, costs, and man-hours
In the mainter qcce zirea. Altho,.gh the system does contain some data on
failures in te., ci oypes, cau.cz, and down time, the coverage in this
area 's not sufficient for in-depth fakiure analysis.

3.40 This cover-ige is particularly insufficient regarding human-
initiated malfunctions. in its present operating mode, the 3-M system
has no provisions for identifying human-initiated failures. The only
treatment of human performance deals with time to repair which can be
compared with a previously established standard.

3.41 It is significant to note that some major revisions to 3-M are
presently being pilot-tested. These revisions contain certain features
which will have an important bearing on the failure reporting aspect of
the system. A change in the coding system for identifying failures is
being tested which, if incorporated, will result in a significant improve-
ment. First, there are two separate coding structures established to dis-
tinguish between failed-part condition (type of failure) and cause of failure.
Fuither, the cause of failure is broken down into three categories: envir-
onment, quality of pait, and personnel. Thus, a vehicle is being provided
for identifying human-initiated malfunctions. Tables 12 and 13 present
the primary failed-part condition and cause code structures.

3.42 Unfortunately, the subcategories under personnel are not par-
ticularly meaningful. It is highly questionable thE.t, even if all the infor-
mation were available on a particular failure, "lack of skills " could be
distinguished from "lack of training. " Also, "maintenance" and "operating
accident" are not very descriptive phrases for identifying a human error.
However, the major step has beer. taken in separating human-initiated
failures, and some of the more specific definitions of the type of person-
nel error will evolve through actual usage and further analyses.

Fleet ASW Data Analysis Program (FADAP)

3.43 FADAP was established to provide an evaluation of the capabil-
ities of present or future ASW forces to accomplish ASW missions. A
history of tactical evolutions and current ASW exercises provides a data
base for this evaluation. This data base can be used for exercise recon-
struction, for use in programming ASW force levels, and as inouts to
associated research, development, and procurement programs. Long-range
objectives of FADAP are to satisfy Navy needs for ASW operational data,
to use FADAP data for training and readiness, and to satisfy ASW analysis
and evaluation capability needs.
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TABLE 12

PRIMARY FAILED PART CONDITION CODE

Code Description Code Description

780 Bent 428 Incorrect reading

070 E.:oken 082 Inteimittent open

900 Burned 083 Intermittent short

080 Burned out 381 Leaking

171 Burred 004 Low GM or emission

130 Change of value 344 Melted

910 Chipped 450 Open

180 Clogged 003 Open filament

027 Collapsed 429 Peeled

160 Contacts conn. defective 520 Pitted

170 Corroded 964 Po-.r spectrum

190 Cracked 540 Punctured

479 Cruphed 935 Scored

llb Cut 0i Screen defects

200 Dented 196 Shorted or grounded

117 Deteriorated 018 Test OK, did not work

230 Dirty 947 Torn

145 Dished/bulged 666 Twisted

231 Elongated 628 Wiped

036 Encapsulatio,, faulty 020 Worn excessively

061 Fused 099 Other (submit special reporting

001 jSassy form)
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TABL. 13

PRIMARY FAILED PART CAUSE CODE

Code Des criptloi.

fnvlironment

IA ColIsion

IB Corrosion

I C Extreme temperature

ID Fire damage

IE Foreign object damage

IF Malfunction of associated equipment

IG Shock

111 Weather damage

IJ Vibration, excessive

IK Wet

IL Other (submit special reporting form)

Quality of Part (Procured Matarlal)

ZA Defective material

2B Improper fit

2C Improper packaging

ZD Inadequate insulation

ZE Missing part

2F Poor/incorrect electrical connections

ZG Poor/incorrect mechanical connecticns

2H Poor surface/machining

z2 Wrong part

2K Improperly assembled, manufacturer

ZL Improperly assemblea, user

zM Improper lubrication

ZN Other (submit special reporting form)

Personnel

3A Handling damage

3B Lack of skills

3C Lack of training

3D Maintenance accident

3E Operating accident

3F Other (submit special reporting form)
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3 .44 Exercise data collected by FADAP are organized into five major

files-
a. The Exercise Control File records background param-

-ers which are relatively unchanging throughout

the exercise.

b. The Vehicle Fitment File records all equipment carried
by Individual aircraft types and ships participating in
the exercise.

c. The Exercise Incident File records critical scenes of
actions in terms of "incident-defining events. " Three

types of events are:

1. Valid initial detection

2. A "no-detection" event

3. A false contact.

(This is the key file in the data library.)

d. The LOFAR File contains incident-defining events generated
by LOFAR sonobuoys and SOSUS. These events are In a
separate file because of their security features.

e. The Environment File contains meteorological and oceano-

graphic conditions associated with the incidents.

3.45 Data are initially stored 1n the ASW and submarine force fleet

libraries for staff analysis. After format conversion, they are forwarded

to the Naval ASW Data Center which was established in Washington in

1965.

3.46 One of the difficulties in the application of FADAP is the enormous

manpower requirements during exercises to record, reconstruct, and analyze

incidents. These severe demands may conflict with the actual operation of

the exercise.

3.47 The data elements in various files do not contain data easily re-

lated to human errors. The ilternative reasons for "no-detection" events

are:

a. Insufficient signal for recognition

b. Signal masked by background noise

c. Signal masked by own ship's noise

d. Target at extreme range

e. Own ship otherwise tactically engaged
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f. Sensor equipment impaired or inoperative

g. Environmental interference

h. Other (specify)

i. Unknown.

3.48 None of the alternatives (except possibly h) permits the admission of
human error as the cause of the "no-detection" event. Recently, however,
the ASWFORLANT Scientific Advisory team has been directed to becomn the

lead research team in the development of the FADAP Human Factors File.

PROBLEMS IN HUMAN-INITIATED FAILURE REPORTING

3.49 One underlying problem in any failure reporting system is that
even if provisions are made for identifying human errors, the reporter
is reluctant to incriminate himself or his fellow workers. Unfortunately,
this reluctance is not unfounded, as there is a great tendency to use
these reports for performance evaluation, especially in support of disci-
plinary actions and in promotion considerations. Interviews with per-
sonnel associated with the various reporting systems revealed that "human
error" as reported by these systems is a definite factor in promotions.
Specific examples were cited where unfavorable reports on individuals
delayed their promotions and the failure report was used as evidence.
Other incidents were mentioned where Fupervisors refused to sign any
failure or malfunction report which implicated an Individual or the crew
as a whole.

3.50 It is clearly indicated that until these reports are used only for
the purposes of reliability and effectiveness analyses and not for
disciplinary purposes, there is little hope that meaningful data can be
obtained on human performance or, for that matter, that the accur_.cy
and usefulness of any data for analysis of equipment performance and
reliability can be depended upon.

3.51 Another significant problem associated with the failure codes
used by these systems is the number of possibilities that are made
available for the reporter's choice. Most systems use over 100 different
codes to identify a failure The lists of these codes are diluted by such
non-descr!iptive items as "broken, " "inoperative, " "failed-to-operate,
or "deteriorated, " which are certainly not very informative. There is a
great tendency among reporters to commit to memory a few common catch-
all codes and to use them extensively to identify failure

3.52 During the course of this study, the failure history over a period
of 9 months of a number of AN/SQS-23 Sonar Systems and AN/SPS-40 Radar
Systems were analyzed. The analysis showed that of P4 different codes
available to identify type of failure, approximately 50 percent were never
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used and, of those used, 7 to 9 codes identified over half the total number
of failures. Table 14 shows the results of the analysis, The use of non-
descriptive, catch-all phrases, such as "broken" or "inoperative, " is a
major contributor to this inaccuracy. It is much too easy for the technician
to apply one of these phrases to cover a multitude of situations as he is
filinr his report. Another problem in reporting systems is the apparent
interchangeable usage of causes for failure with types of failure. As an
example, "terminals reversed" indicates why a system or subsystem might
have failed, whereas "burned out" or "blown" indicate6 how the equipment
failed or malfunctioned.

TABLE 14

FAILURE CODE USAGE

Cddes Used
Number of Number of Number PercentagE Accounting for

Maintenance Failure Codes of Codes of Codes over 50 Percent of
Systems Actions Available Used Used Mdnte-nm Actions

AN/SPS-40 225 94 54 57 9 of 54
Radar

AN/SQS-23 276 94 47 50 7 of 47
Sonar

3.53 Another source of inaccuracy associated with the failure cod:es
used by various reporting systems is that the same set of codes is uised for
all types of systems and equipments. This method further reduces the
ability of accurately identifying the failure by the selection of the proper
codes, since several codes have no relation to the systems in question.
A significant improvement could be achieved in the reporting forms if the
failure-identifying codes were tailored to each type of system or equip-
ment and the same codes could be retained to identify common failures.
As an example, a missile system failure report would need certain unJqup
codes that would have no application to a communications system failure
report.

3.54 The dual role of operators and maintenance personnel as reporting
agents poses another problem in obtaining valid data. As long as the
possibility exists for incriminating oneself or fellow workers through
failure reporting, the probability of obtaining accurate information will
remain very low. Industry was faced with a similar problem, which it
solved by separating quality control from manufacturing. The possibility
of introducing a quality control agent into the failure reporting effort
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should be investigated. The operator would thus be relieved of the
responsibility for determining the causes and types of failure and for
preparing a failure report. This function would be performed by a
quality control agent who would ideally belong to a different organi-
zational entity. This development would not necessarily result in an
increased number of personnel, because the operators' time would no
longer be consumed by the completion of failure reports, and a small
number of them might therefore be replaced by quality control agents.
These agents, of course, would be used in the fleet only during
peacetime exercises, but shore-based operations would not necessarily
be limited in this way. This concept is presently being practiced in many
areas where, for example, contractor personnel perform the reporting
function or prepare an independent report which is subsequently used for
failure analysis.

CONCLUSIONS

3.55 The foregoing discussions led to the previously stated finding
that existing failure reporting systems do not y'vld data on human-initiated
malfunctions. Most of these systems have no provisions for reporting
information on the relation of human performance to failures. Many of the
systems do contain information which could be used for human reliability
analyses which employ the indirect techniques outlined in Section IV of
this report.

3.56 The problem of self-incrimination associated with reporting human-
initiated malfunctions is further amplified by the Navy's use of information
obtained from these systems for personnel evaluation. The use of these
reports should be relegated to analysts and effective systems management.

3.57 One of the major problems in existing failure reporting systoms is
the forms that are used by these systems. The forms ofter contain
superfluous or confusing information which detracts from the main purposes
of the reports. The coding structure identifying types and causes of
failure often contains several nondescriptive items or catch-all phrases
that are meaningless from the standpoint of reliability analysis. The same
codes are iised for all categeries of equipment even though some of the
codes have application to only specific equipments or systems.

3.58 The introduction of a "quality control" agent into the fallu:e reporting
cycle might make the reports more accurate and might lead to the inclusion
of information on human performance.

3.59 Specific recommendations for improvement of, and studies dealing
with, human-initiated malfunction reporting are presented in Section V.
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IV. INDIRECT APPROACHES

INTRODUCTION

4.1 As discussed in the preceding section, reporting of human-
initiated malfunctions poses some significant problems, some of which
may require major changes in operating philosophy and to existing
reporting systems. However, as was discussed In preceding sections,
without meaningful data on human performance human reliability will
not be able to take its rightful place in systems effectiveness conside-a-
tions. The researcher in the field of human reliability is thus faced with
the dilemma of needing data from the "hardware world" but discovering
that the same "world" is not particularly sympathetic to his problem of
obtaining the required information.

4.2 ORI has developed two techniques which, in the final analysis,
complement each other to provide meaningful information on human per-
formance which can then serve as the basis for human reliability analysis.
These two techniques are referred to as indirect approaches, becai',se
neither relies on the direct reporting of human-initiated failures and
malfunctions. Rather, they both use equipment failure data and infor-
mation on the composition of the crew which operates and maintains
the equipment.

4.3 One of these techniques is termed the Elementary Reliability Unit
Parameter Technique (ERUPT). This appioach, which groups the component,
of a weapon system into elementary reliability units (ERUs), provides a
means of inferring two human performance parameters from available equip-
ment reliability and maintenance data.
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4.4 The second approach relates certain personnel characteristics

of individuals operating and maintaining the equipment to numbers of

failures and equipment repair times by the application of multivariate

correlation analysis techniques.

4.5 During the course of this study, the feasibility and applicability

of be two approaches were investigated, and mathematical models and

equations were developed for their application. A pilot test on a limited
data base was also conducted during the development of the two techniques. "

4.6 The remainder of this section describes the formulation and appli-

cation of the two models. The appendices to this report contain the mathe-

matical development of the models and the detailed results of the pilot tests.

ERUPT

4.7 ERUPT quantifies two measures of human performance during main-

tenance as part of a model which evaluates system readiness. The most

significant feature of the technique is that the quantification of these

human performance parameters can be accomplished by using equipment

failure and maintenance data without relying on human-initiated failure

reporting.

Description of the Model

4.8 ERUPT, for human reliability analysis, is embodied in a model ex-

pressing weapon system readiness. Two of the parameters that comprise the

model are specifically related to human performance during maintainability.

a. a- the probability that failure is detected

and repaired during maintenance

b. 8 -the probability that maintenance does not

induce failure.

4.9 The model consists essentially of equations and computdtional

routines for deriving system measures of effectiveness from failure and

maintenance parameters. Two such measures of effectiveness hcve been

defined.

a. Readiness reliability. Probability that the

weapon is operable at th- time of its operating

mission or, more generaily, probability that

the weapon is in "go" condition when It is

needed.

b. Mis sion -tactic reliability. Probability that

the weapon will successfully carry out a give-n

mission with d prescribed tactic,assumlng

the weapon is ready (operable) at the beginning
of the mission.
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4.10 Of these two measures, only readiness reliability was considered
in this research effort, since only the two human performance parameters,
,x and 8, were applicable to that aspect of system effectiveness. The
characteristics of the weapon system used In the development of the
technique are such that no human interaction is required during its actual
operational phase. However, the results of this feasibility study clearly
indicate that the same techniques can be applied with some modifications
to other systems in all phases of their operational usefulness.

4.11 The equations for readiness reliability are given in Appendix A.

4.12 One of the most important concepts associated with the application
of ERUPT is the grouping of system components into ERUs. The selection of
ERUs is based on the maintenance level established for the system. Main-
tenance level in this context is defined as ihe lowest type of equipment
indenture at which maintenance is performed. Level of indenture is a term
describing the breakdown of a system or equipment into its components.
Thus, if the first level of indenture were the whole equipment, then the
second level would be the components that make up the equipment.

4.13 It is significant that the selection of ERUs docs not poLe a
problem for anyone who is reasonably familiar with the system, the function
of the various components or subsystems, and the maintenance plan fcr
that system. The latter is involved with the throwaway concept which
identifies the level of indenture of the system at which equipments or
components will be maintained and repaired rather than replaced. Failure
of an ERU Implies no useful input and, therefore, a no-go condition. This
ERU failure will also imply that the system is in a no-go condition.

4.14 The skill level of the maintenance technician is also related to
the indenture level at which the equipment is maintained and repaired.
The following chart illustrates this point. The shaded areas indicate the
indenture leve.s at which a technician of a given skill level can be
utilized.

Level of
Indenture

Skill Level High Medium Low

High

Medium > >.'. ",-

Low
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4.15 The lower the indenture level, the higher the skill level that
will be required on the part of the technician. He will be required to
perform more detailed and complex maintenance and repair functions, the
more detailed the component he repairs. Conversely, as the indenture
level is raised, the maintenance and repair activities become less critical
and, consequently, a technician with a lower skill level can meet the man-
power requirement, although a higher skilled technician could still be
used.

4.16 This form of analysis can be carried one step further to include
a and P. Intuitively, it can be stated that the probability of detecting
and repairing a failure or of not inducing a failure will increase with the
skill level of the technician and will increase as the indenture level is
increased. As the indenture level increases, the maintenance or repair
activity is less complex and repairs will also probably occur at longer time
intervals. Thus, different values of a and f can be calculated for each of
the nine areas on the chart.

4.17 This type of analysis can have a major impact on the selection
of the optimum packaging technique to be employed in the development of
a new weapon system. The impact of different packaging concepts on
a and 8 and the skill levels of the technician can be readily ascertained.
This approach lends itself to trade-off analyses, particularly when costs
are estimated for training personnel to various skill levels and costs are
estimated for the equipment using different packaging concepts. Limiting
factors of equipment size and weight dictated by usage also affect the
packaging concept and thus can be related to the personnel parameters.

4.18 Readiness reliability for the weapon system is the product of the
readiness reliabilities of individual ERUs. The formulation of ERU readiness
reliability considers the impact of exercise and maintenance on an ERU until
the time it I., called on to carry out a prescribed mission.

4.19 The model for the calculation of ERU readiness reliability functions
by first using ERU failure and maintenance data to estimate values of the
human performance parameters (ae and P). Data needed are as follows:

a. Probability that the ERU, which is in a nonfailed
condition at the time a test is initiated, survives
the test (derived from laboratory test data)

b. Storage time Letween planned maintenance of each ERU

c. The mean time to failure established for each ERU
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d. Number of maintenances befbre repair/replacement
of the ERU since the beginning of storage or since
last repair of the ERU if corrective maintenace has
been done previously.

4.20 The method for estimation of valuep for a and j9 parameters for anIERU is based on actual shipboard failure experience and maintenance data
for the ERU. Essentially, a mathematical function involving 0, 8, and other
hardware parameters represents the probability that the 'actual pattern of
failures occurred, given various values of the parameters. A computer
programmed search is then initiated to identify the set of values for a and /
which would maximize that probability. That set of values is the maximum
likelihood estimate of a and /. A complete mathematical formulation of the
calculation ot the human performance parameters is included in Appendix A.
The general thought is that, if "inherent" or "true" hardware component
failure rates can le determined under controlled conditions, then the expected
reliability of the ERUs can be calculated. Then, based on failure rates of
these ERUs under actual conditions obtained from maintenance reports, it
will be possible to infer the a's and 8's from the differences.

4.21 With the values of aand 8just calculated, two data elements, in
addition to those in paragraph 4.19, are required to calculate the readiness
reliability for each ERU at any time following manufacture. The additional
data needed are:

a. Storage time of the ERU betweeu last planned
maintenance and time of the operating mission

b. Number of tests of ERU before its operating
mission.

4.22 Figure 18 shows graphically the events and associated probabilities
that comprise the life cycle of an ERU until the time of its operating mission.
Arrows show the various times that the ERU can go from a nonfailed to a
failed condition and vice versa.

4.23 When the readiness reliabliity is calculated for each ERU, the
readiness reitabillty for the entire weapon system is found simply by multi-
plying the ERU readiness reliabilities. It should be emphasized that the
equations developed for readiness reliability are applicable to any weapon
system which meets the underlying assumptions of the model.

4.24 However, it also is true that the readiness reliability measure of
effectiveness is not the only measure that can accept ERUPT human relic-
bility parameters; they can be incorporated equally as well into other

models of system reliability.
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Test Results

4.25 Calculation of a and 8. The mathematical formulation that provides
statistical estimnates of aand 8 (Appendix A) was tested by using input data
which, although not from an operating weapon system, are believed to be
realistic. Appendixc D shows the sets of data used with the formulations,
together with values of a and B calculated from the datLa. Also shown is a
copy of the computer printout for the first set of data .

4.26 n interpreting test case I results, a total of five different samples
(EN1 ) of shipboard corrective maintenances showed that two were not pre-
ceded by preventive maintenance before the repair, two were preceded by
one preventive maintenance before the repair, arid one was preceded by
two preventive maintenances. The best statistical estimates of ae and 8.
based on those experiences and the failure distribution shown, are a= 0. 98
and 8 = 0. 33. These values seem reasonable because corrective maintenances
were occurring so quickly that it is unlikely that malfunctions were being
overlooked (a) to any great extent. However, it does seem possible that
malfunctions were being induced frequently during the preventive mainten-
ances (R).

4.27 Contrast that example with test case 4 in which 8 to 10 preventive
maintenances preceded each repair or corrective maintenance action. In
this case, it seems likely that the malfunctions were not being detected
promptly during preventive maintenances. This is reflected in the low 0. 1 6
value of a estimated.

4.28 The input specifications, flow chart, and computer pr-gram instruc-
tions for the estimation of aY and eare given in Appendix B.

Sensitivity Analysis of gand 8

4.29 Under a separate subcontract with the Naval Ordnance Laboratory
(NOL), ORI did preliminary work on~ the sensitivity on system readiness
reliability to changes in a and 8. the human reliability maintenance
parameters. The assessment was in support of the development program
of a new weapon system.

4.30 Significant among the findings was the fact that readiness relia-
bility is quite sensitive to human maintenance parameters. The weapon
systen. consisted of Z75 ERUs and, to bring the readiness reliability to
an acceptable level, it was necessary to bring the probability of detecting
a malfunction and the probability of not inducing a malfunction very close
to unity.
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4.31 Parameters and Assumptions Used. Table 15 shows the readiness

parameters used in this assessment and the assumptions necessary for this
preliminary sensitivity analysis.

4.32 Table 16 presents the selected values of the model input parameters
which were used in the computations.

4.33 In Figure 19, the calculation of t&e readiness reliability based on
various combinations of these values is plotted against a , the probability
of d,-tecting a malfunction which fails in storage or test.

4.34 As shown In the plot, readiness reliability falls off rapidly for a
near 0.9 as $ moves away from unity and ERU storage failure rates increase.
However, with 8 near unity and low storage failuie rates, a has very little
impact on readiness.

4.35 Comparison of curves with all parameters held constant except 8
shows the large impact of ' on readiness reliability. A decrease in g from
1.0000 to 0.9990 causes a decrease in readiness ranging from 0.08 to 0.18
depending on the values of the other parameters. This fact dictates that
there must be unusual emphasis placed on the attainment of values of B
close to unity for complex weapon systems with a large number of ERUs.

4.36 This demonstration clearly shows the advantages of an analytic
model. Such sensitivity analyses can show which of the parameters is most
responsible for large decreases in system readiness reliability and can
provide relative quantitative values of the significance of each of the
parameters.

Conclusions

4.37 The ERUPT approach appears to be feasible for human reliability
analysis and has several advantages over other approaches investigated.
To summarize the key features again:

a. It does not require direct reporting of human
errors by personnel who may be extremely
biased

b. It requires only hardware failure and mainte-
nance.data

c. The data required are Ample and will not
necessitate new data collection studies

d. Based on the specific weapon system readi-
ness reliability model used to test the
feasibility of the ERUPT approach, system
readiness reliability is extremely sensitive
to values of f (the probability that mainte- I
nance does not induce failure).
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TABLE 15

READINESS PARAMETERS

Parameter As sumptions

Storage time between maintenances Same for all ERUs

Storage failure rate Fraction of functional failure
rate for electronic ERUs;
zero for mechanical ERUs

Probability of surviving test Same for all ERUs

Probability of repairing storage or Same for all electronic ERUs;
test failures unity for mechanical ERUs

Probability of maintenance not Same for all electronic ERUs;
inducing failure unity for mechanical ERUs

TABLE 16

READINESS RELIABILITY INPUT VALUES

(Y 7 X'i t, months

0.900 0.9990 1.00 A /1000 3
0.950 1.0000 X/100 12
0.990 i
0.995
1.000

a = probability of repairing malfunction in ERU
which occurs in storage or test.

probability of not inducing malfunction in

ERU whi-h survives storage and test.

if = probability of ERU surviving test.

storage failure rate of i t h ERU.
th

= functional failure rate of I ERU.

t = time between maintenances in months.
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4.38 l'rxb &,-=:Arh has indicated that meaningful quantitative informa-
tion on human performance car be derived by aji indirect method of hardware
failure and maintenance data. The ERUPT approach provides a basis for
meaningful human reliability analysis and is filt to have wide applicability
to present and planned new weapon systems.

MULTIPLE CORRELATION APPROACH

Introduction

4.39 Present Navy failure reporting systems do not yield data on human
errors or human performance. This general conclusion is developed in
Section III.

4.40 The multiple correlation approach attempts to derive some useful
information on human reliability from present systems. This approach does
not attempt to provide a numerical value for human reliability as a part of
system effectiveness. Instead, the technique attempts to identify personnel
characteristics which show the greatest effect on the rate of equipment
failure and repair through multiple correlation analysis.

4.41 Multiple correlation analysis is a well-known statistical technique
used to measure the degree or importance of the relationship between a
dependent variable (or criterion) and a set of independent variables (or
predictors). The relative importance of each of the predictors can be assessed.
Initially, hypotheses are formulated concerning this relationship between
dependent and independent variables. Multiple correlation analyses then
assess the interrelationships between these variables.

4.42 If multivariate correlation analysis can identify those personnel
characteristics which significantly influence equipment failure and/or
mean time to repair, it will make a great contribution to the establishment
of requirements for recruitment, training, and distribution of personnel.
The following paragraphs describe the approach, show the results of a pilot
application, and make recommendations for verification of these results and
the extension of the technique to new equipments.

Description of the Approach

4.43 The two reporting systems presently operating in the Navy and
chosen for use in the multivariate analysis approach were the 3-M system
and the Active Duty Enlisted Master File maintained in Pers 19.

4.44 The 3-M system can provide preventive and corrective maintenance
actions data for specific equipments over time as part of MDCS. A more
complete description of the 3-M system is presented in Section III of this
report.
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4.45 Two measures of equipment failure and repair were identified from
3-M reports: first, the number of malfunctions or corrective actions taken
during specified periods of time and, second, the meat. J:ne taken to repair
these malfunctions.

4.46 Discussions with experienced naval personnel led to the formula-
tion of hypotheses concerning personnel characteristics which may be highly
correlated with these two measures. The hypotheses required personnel
dat which were available from the Active Duty Enlisted Master File under
Pers 19.

4.47 The Active Duty Enlisted Master File contains hundreds of personnel
characteristics related to the identification, qualifications, education, and
assignment of all active duty enlisted personnel. After consideration of the
hypotheses, seven personnel characteristics were selected for use from this
file.

a. Age

b. Pay grade

c. Number of months since Active Duty Base Dite
(ADBD)

d. Number of months until Expiration of Active
Obligated Service (EAOS)

e, Years of formal education

f. Possession of Navy Enlisted Classifications (NEC)
pertinent to equipment under study

g. Training time in specialized "C" schools, i.e.,

"C" schools directly related to equipment under

study.

4.48 The AN/SPS-40 radar and the AN/SQS 23B sonar were selected for
the feasibility study. The selection of these equipments was based on the
availability of data which were believed to be reasonably accurate during
the time period chosen for the test.

4.49 The AN/SPS-40 radar is operated by Radarmen (RD) and maintained
by Electronics Technicians (ET). The AN/SQS-23B sonar is operated and
maintained by Sonar Technicians (ST).

4.50 The assumption was made that both operators and maintenance
personnel affect the equipment rate of failure (number of malfunctions)
through their errors. Therefore, personnel data fror both the RD and ET
ratings were correlated with 3-M equipment failures for the AN/SPS-40
radar. Similarly, personnel data for the ST rating were used to test for
significant statistical relationships with the number of malfunctions for
the AN/SQS-23B sonar.

4.51 It can also be hypothesized that personnel characteristics of
both operators and maintenance personnel (RD and ET) are correlated L
with mean time to repair for the AN/SPS-40 radar. Similarly, personnel
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data from the ST rating can be correlated with mean time to iepair for the

AN/SQS-23B sonar.

4.52 Data were acquired for both equipment and personnel parameters

for the period of October 1965 through September 1966. They were subse-

quently grouped Into 3-month Intervals because it'was felt that this period

of time would allow significant variance in the values of the parameters,

and would also permit a sufficient number of sample data points to establish

significant relationships.

4. ,3 Equipment failure and maintenance 3-M data for the AN/SPS-40

radar were available for the three quarters , October-December 1965,

January-March 1966, and April-June 1966. Data for the AN/SQS-23B sonar

were available for the same three quarters plus the July-September 1966

quarter.

4.54 Equipment maintenance and personnel data were used from a selec-

ted sample of ships which had sonar or radar equipment on board during the

time periods selected and for which both personnel and equipment data were

available. Table 17 identifies the ships used in the sample by type and

hull number.

4.55 After some manual data tabulation, equipment failure, repair, and

personnel data for each ship in each 3-month period were correlated. Thus,

the number of malfunctions in the AN/SPS-40 on the Dl 846 that occurred

in the January-March 1966 quarter was compared with the personnel charac-

teristics of all ETs aboard for that quarter. The number of malfunctions

was also compared with the personnel characteristics of the RDs aboard

the same ship in the same quarter. Each set of values for the equipment

and personnel data for a given ship in one of the selected 3-month periods

is a sample point for use in the multivariate correlational analyses. The

methodology used is aescribed in Appendix E.

TABLE 17

SHIPS CHOSEN FOR THE ANALYSIS

AN/SPS-40 Radar AN/SQS-23B Sonar
DD 692 DD 785 CLG 7
DD 693 DD 787 DD 836

DD 694 DD 788 DD 851

DD 698 DD 823 DD 852
DD 699 DD 843 DD 870
DD 703 DD 846 DD 888

DD 755 DD 862
DD 759 DD 869

DD 761 DD 87!
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4.56 The criterion variables used in the analysis and applied to each

of the equipments are:

a. Mean number of man-hours to repair
b. Mean number of man-hours to repair by type of failure
c. Number of repairs (malfunctions)
d. Number of repairs by type of failure.

4.57 Criterion variable c reflects a count of the total number of repairs
that 3ccurred on each ship in each Quarter. Variable d classifies these
into one of 94 different types of malfunctions as coded by the 3-M system.

Criterion variables a and b are self-explanatory.

4.58 The following predictor variables were used in the analysis and
applied to each of the equipments:

I. Average age
2. Average pay grade *

2. Average number of months since ADBD
4. Average number of months until EAOS
5. Years of formal education
6. Percent of personnel allowance actually aboard
7. Percent of personnel with NEC pertinent to equipment *

8. Average weeks of training time in specialized "C" schools
9. Avrage number of months since ADBD for the highest ranked

man
10. Years of formal education of the highest ranked man *
11. Average number of months remaining to EAOS for all men

serving their first enlistment. *,*

In calculating variables 2 and 5, a numerical pay grade was assigned

to pay grades and years of education.

Reference was made to the Manual of Navy Enlisted Classifications 1 6 /

to determine NECs applicable to the equipments; these were:

Equipment Applicable NECs

AN/SPS-40 1514
AN/SQS-23B 0407, 0484, 0486, 0487, 0488,

0494, 0496

In calculating variable 10, a num'prical code was assigned to year
of education.

Men serving their first enlistment are defined as those whose ADBD
subtracted from their EAOS resulted in a number less than or equal
to 4 years.
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4.59 All of the predictor variables were applied to all men in each of
the RD, ET, and ST ratings who were aboard a given ship during a
given quarter selected for the sample.

4.60 The alternate hypotheses based on these variables are:

a. Average age is negatively correlated with average time
to repair and number of malfunctions

b. Average pay grade is negatively correlated with average
time to repair and number of malfunctions

c. Average number of months for all personnel since ADBD
is negatively correlated with average time to repair and
number of malfunctions

d. Average number of months for all personnel until EAOS
is negatively correlated with average time to repair and
number of malfunctions

e. Average formal education is negatively correlated with
average time to repair and number of malfunctions

f. Percent of personnel allowance actually aboard is
positively correlated with mean time to repair and
negatively correlated with number of malfunctions

g. Percent of personnel with NEC pertinent to equipment
is negatively correlated with mean time to repair and
number of malfunctions

h. Average training time in specialized "C" schools is
negatively correlated with mean time to repair and
number of malfunctions

i. Time since ADBD for the highest ranked man is nega-

tively correlated with mean time to repair and number
of malfunctions

j. Formal education of the highest ranked man is negatively
correlated with mean time to repair and number of mal-
functions

k. Average number of months remaining until EAOS for all
men serving their first enlistment is negatively correlated
with mean time to repair and number of malfunctions.
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4.61 The null hypothesis associated with each of these hypotheses is
that the personnel (or predictor) characteristic is not related to the equip-
ment (or criterion) variable.

4.62 In addition, multiple correlations were nn using a combination
of personnel characteristics in order to find significant relationships with
each of the equipment parameters.

4.63 Initial correlation analyses between equipment repairs and mal-
functions in each quarter and characteristics of the personnel in the same -
quarter showed no significant multiple correlations. These results point
out that the characteristics of the people working on the equipment in
any quarter have little effect on the number of mralfunctions in that same
quarter.

4.64 However, it also seemed plausible that their errors may not result
immediately in malfunctions or lengthy repairs but may cause failures in
succeeding quarters. Thus, analyses have been made that correlate
personnel data in one quarter with the equipment failure parameters 3 months
or 6 months later.

4.65 Also considered was the possibility that changes from quarter to
quarter in personnel and equipment failure data would be more sensitive
to significant relationships than the actual data. Inspection of the personnel
showed a fairly low turnover from one quarter to the next. Using the changes
in personnel and failure data also eliminates any possible trends which may
occur on a given ship over a series of time periods causing spuriously high
correlations. Therefore, a limited number of analyses was done using
changes rather than actual data. The number was limited because of the
resulting decreased sample size.

4.66 Table 18 shows all of the analyses run with the sample size for
each. Correlations were run using the "no output" malfunction of the
AN/SPS-40 and the "burned out" malfunction of the AN/SQS-23B as the
criterion variables. These two malfunctions were chosen becauise they
occurred more frequently than any other on the respective equipments.

Results

4.67 Summary. Five multiple correlations are significantly different from
zero at the 95 percent confidence level. All significant multiple correlations
relate personnel characteristics from one quarter to equipment failures or
repairs occurring in the next quarter.

4.68 There were also 9 gross correlations involving 6 personnel param-
eters which were significantly different from zeru.
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TABLE 18

CORRELATION CASES RUN

Description Case Number Sample Size

Radarman
Actual data

All malfunctions reported
No lag 1 50
Lag 3 months 2 33
Lag 6 months 3 16

"No output" malfunction
No lag 4 24
Lag 3 months 5 18

Change data
All malfunctions reported

No lag 6 31
Lag 3 months 7 15

Electronic technicians
Actual data

All malfunctions reported
No lag 8 50
Lag 3 months 9 33
Lag 6 months 10 16

"No output" ma.'functions
No lag 11 24
Laq 3 months 12 18

Change data
All malfunctions reported

No lag 13 31
Lag 3 months 14 15

Sonar technicians
Actual data

All malfunctions reported
No lag 15 23

"Burned out" malfunction
No lag 16 16

Change data
All malfunctions reported

No lag 17 17
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4.69 Multiple Correlations. There are five significant multiple
correlations.

a. Changes from quarter to quarter in the average
time since ADBD and average formal education
of the radarmen are significantly related to the
quarterly changes in the total number of AN/SPS-40
malfunctions. The actual -orrelation was 0. 693
and one can be 95 percent confident that the true
correlation is greater than 0.23. "

b. The percentage of electronics technicians with an
NEC pertinent to the AN/SPS-40 radar and with the
average training time in specialized "C" schools
is signil'icantly related to the total number of mal-
functions. The actual correlation was 0.482 and,
with 95 percent confidence, it can be said that the
true value of the correlation is greater than 0. 13. *

c. Changes from quarter to quarter in the average time
since ADBD and the percentage of radarmen aboard
to the radarman allowance are significantly related
to changes from quarter to quarter in the mean time
to repair all malfunctions of the AN/SPS-40. The
actual correlation was 0.809 and there is again
95 per-ent confidence that the true correlation is
greater than 0.53.*

d. The average time until EAOS for both electronics tech-
nicians serving their first enlistment and all iLTs
combined and the percentage of electronics technicians
with an NEC pertinent to the AN/SPS-40 are signifi-
cantly related to the mean time to repair all malfunctions.
T actual correlation was 0.616 and statistical theory
indicates 95 percent confidence that the actual correlation
is greater than 0.34,*

e. Changes hom quarter to quarter in the average pay grade
and the percentage of electronic technicians with an NEC
pertinent to the AN/SPS-40 are significantly related
to the quarterly changes in the mean time to repair all
malfunctioiis of the AN/SPS-40. The actual correlation
was 0.646 and again, it is 95 percent certain that the
true correlation is greater than 0. 15.*

Approximate value obtained through interpolation in graphs. 17/
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4.70 There are several interesting observations that can be made
concerning these findings. First, each sigriificant relationship involved
characteristics of personnel in the quarter prior to the equipment failure
or repair.

Significant Nonsignificantl
Time Lag to Failure Corelations Correlations Total

Cases with no lag 0 18 18

Cases with 3-month lag 5 7 12

Cases with 6-month lag 0

4.71 This observation suggests that there may be a lag between the time
a person causes a failure in some manner and the time when the failure
actually occurs and is repaired.

4.72 The second observation that can be made is that all significant
multiple correlations involved the AN/SPS-40 radar. None occurred with
the AN/SQS-23B sonar, which may be attributable to the reduced sample
size.

4.73 Third, none of the multiple correlation analyses involving specific
malfunctions was significant. All significant analyses used the total number
of all types of malfunctions. This situation may be due to the generally small
sample sizes available for specific malfunctions.

4.74 Complete listings of all maximum multiple correlation coefficients
are found in Tables 19 and 20. An ORI computer program furnished correlations
for all possible combinations of personnel characteristics with each of the

equipment parameters. For each multiple correlation analysis using a dif-
ferent number of variables, only that analysis showing the highest correla-
lation was selected for exhibit. In all cases, the correlation coefficients were
adjusted (decreased) for degrees of freedom and sample size according to the
formula presented in Appendix E. This adjustment accounts for the fact that some

have a value of zero. Beside each coefficient are the coded numbers for
the personnel characteristics entered into the multiple correlation analysis.*
Blank spaces in the table result because not all personnel characteristics
were used in each correlation analysis either because of lack of data or
as a result of the judgment that there was no logical reason why it should
be related with the criterion.

The numbers correspond to the predictor variables numbered in
paragraph 4.58.
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4. 75 Some measure of the relative importance of the personnel
characteristics which make up the significant multiple correlations is
the A coefficient shown in Table 21. The larger the coefficient, the
closer It relates to and influences the equipment variable.

4.76 Gross Correlations. Table 22 shows that average formal
education, the percentage of personnel allowance actually aboard,
and the percentage of the crew with an NEC pertinent to the equipment

had the greatest number of significant results. These are the correlations
which are significantly different from zero.

4.77 Nine gross correlations were significantly different from zero.
Tables 23 and 24 present all correlations calculated for each of the
personnel characteristics.

4.78 Tables 23 and 24 also show all gross correlation coefficients
after adjustment for sample size. Again, zero values are caused by the
adjustment. These coefficients show the relationship of each personnel
characteristic with the equipment variables.

4.79 Limitations. The prime limitation in the study is the nonrandom
selection of slps for the sample. The nonrandom selection was necessary
because of the differing quality of the 3-M reporting by ships. Ships were
selected which had the most accurate data. As a result, significant findings
related to the sample ships may not necessarily apply to personnel and
equipment on ships not included In the sample. A study involving a signifi-
cantly larger randomly selected data base should be performed to verify
the findings.

4.80 Those personnel characteristics which were found to be highly
related to the AN/SPS-40 or AN/SQS-23B failure frequency and repair
times may not be the same characteristics which are correlated to failure
and maintenance parameters for other equipments.

4.81 Conclusions. This research demonstrates the ability of multiple
correlation analysis to pinpoint personnel characteristics which influence
equipment failures and repair times. Its use does not require additional
data collection but uses existing Navy data systems. The computations
are extremely laborious and require ADP. The availability of the ORI
multivariate analysis computer program greatly facilitates the use of a
computer in the application of this technique.
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TABLE 22

SIGNIFICANT GROSS CORRELATIONS

No. of No. of
Significant Significant
Correlations Correlations Total

Personnel With No. of With Mean Significant
Characteristics Malfunctions Time to Repair Correlations

Average age

Average pay grade 1 1

Average time since
DBD 1 1

Average time until
FAOS11

Average formal
education 2 2

Percentage personnel
allowance actually aboard 1 2
Percentage personnel

with pertinent NEC 1 2

Average trining time

Time since ADBD for
highest ranked man

Formal education for
highest ranked man

Ti. , until EAOS for
men on first enlistment
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V. SUMMARY OF RESULTS AND RECOMMENDATIONS

RESEARCH RESULTS

5.1 The research effort focused on twomajor areas: a survey and
analysis of existing failure reporting systems, and the investigation of
alternative indirect approaches to determine human performance and to
quantify the human reliability contribution to weapon system effec-
tiveness.

5.2 It was found that existing failure reporting systems do not yield
meaningful data on human-initiated malfunctions. Most systems have no
provisions for report.ng information on human performance as related to
failures. Many of the reporting systems surveyed were in various stages
of being phased out of use. In most cases, a strong reluctance to report
all failures, particularly human errors, was noted. What information was
found to exist on human errors was very general in nature and was not
being used for human failure analysis. Indeed, meaningful analysis of
the reported data did not appear feasible. Some provisions were being
made, however, for Inclusion of human-initiated failure data in the 3-M
system as described in paragraph 3.41. These provisions warrdnt further
investigation for possible improvements thai will make them ., seful in human
reliability analysis.

5.3 In attempting to develop an indirect approach to human reliability
analysis, two techniques were investigated, both of which rely on equip-
ment failure reporting rather than human error reporting. One technique is
ERUPT. This approach, by grouping the components of a weapon system
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into elementary reliability units, provides a means of inferring two human

performance parameters from available equipment reliability and mainte-
nance data. The second approach relates certain personnel characteris-
tics of individuals operating and maintaining the equipment to the number
of failures and equipment repair times by the application of multivariate
correlation analysis techniques.

5.4 In the course of this study, the feasibility and applicability of

these two approaches were determined and mathematical models and equa-
tions were developed for their applications. A pilot test on a limited data
base was also conducted during the development of the two techniques.

RECOMMENDATIONS

5.5 The conduct of the study and the conclusions point to a number
of recommendations which logically fall into two categories, those for
immediate action and those for further research and study. This section
delineates these recommendations.

Immediate Action

5.6 Recommendation 1. One of the major problems associated with
failure reporting zste=-. f their use for disciplinary purposes. It is strongly
recommended that BuPers take Immediate action to initiate a. educational

program clarifying the basic purposes of these reporting systems. This edu-
cational program should emphasize the need for accurate data on failures.
The program should further emphasize that the data are required for the enhance-
ment of technical analyses and further study, rather than for the evaluation of
personnel and promotion decisions.

5.7 Recommendation Z. The Shipboard Maintenance Action Form
(Figure 15) of the 3-M system provides for the name, rating, and

grade of the person who pe:forms the maintenance action being reported.
This information would be extremely useful in conducting analyses such as
the ones outlined in Section IV. These ddta are presently not being keypunched
and, consequently, are not available in routine or special 3-M reports. It is
recommended that the next revision to the 3-M manual incorporate the instruc-

tions for keypunching these elements.

Further Research and/or Study Programs

5.8 Recommendation 1. The ERUPT approach appears to be feasible

and is believec to be one of the most promising techniques thus far developed
for human reliability analysis. It is therefore strongly recommended that
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this approach be further developed by extending its application to
classes of weapon systems other than the one employed during its
formulation. Its usage should also be investigated in system
effectiveness analyses during various phases of the weapon system
development cycle.

5.9 The following specific tasks are recommended as part of this
subsequent study program:

a. Investigate the application of ERUFT to various
classes of weapon systems as it applies to system
readiness reliability.

b. Investigate the application of ERUPT to other classes
of systems where human reliability parameters are an
integral part of the system effectiveness considerations
in all phases of the system life cycle. This task will
include the formulation of human performance parameters
other tha~n a and $delineated in the description of the
ERUPT approach in Section IV. The effort will involve
the mathematical formulation of an overall system
effectiveness model which will include these human
performance parameters along with additional equipment
parameters.

c. Calculate a, 8, and other human reliability parameters j
for ERJs of various classes of systems, based on actual
equipment reliability and system operational and mainten-
ance data. Analyze similar ERUs to develop common
human reliability parameters. Classify these ERUs based
on ranges of the human reliabillty parameters.

d. Develop relationships between various human reliability
parameters and personnel characteristics. Develop
sensitivity curves for sets of personnel characteristics
vs human reliability parameters for which a significant
relationship has been established.

5.10 Based on the results of these tasks, meaningful human reliability
measures can be formulated which will be of significant value to BuPers
representatives participating in weapon system effectiveness analysis.
These measures can be applied to the analysis of existing systems as well
as of those in various stages of early development. Further, these measures
will facilitate the evaluation of such system criteria as packaging concepts,
maltenance pnilosophy, and operating procedures in terms of manpower
and personnel requirements.
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5.11 &_commedation Z. The application of multiv.ariate correlation
analysis to equipment failure and pe.sonnei characteristics data showed
some significant relationships based on a limited statistical sample. It
is recommended that the validation of the results of the study and the
extension of the techniques to other equipment be undertaken. This effort
will require the following tasks:

a. Validation of the significant findings of the research
conducted in this study, which will require:

1. Additional personnel data for RD, ST, and
ET ratings

2. Additional sonar and radar equipment
failure data for a larger random sample of
ships

b. Application of the techniqve to other classes of
equipment that are amenable to use of this
technique

c. Formulation of large numbers of hypotheses
conyerning personnel and equipment fa 'ure
parameters through contacts with naval
personnel who are familiar with personrel
requirements of those who operate and maintain
the equipments

d. Determination of the availability of personnel
data from Pers N needed to test the hypotheses
developed

e. Finally, a mnultivariate correlational analysis
to reveal which personnel characteristics are
highly related to changes in each equipment's
failure parameters. Analysis would determine
whether the same personnel parameters were re-

lated to similar types of equipment.

A matrix format might be feasible for presentation and summarization of
the COrrelations found for each of the personnel parameters with the
different equipment classes.

5.12 Recommendation 3. The forms that are used to report failures
constitute one of the major problems associated with existing failure
reporting systems. There is no way to isolate human-initiated failures
from equipment breakdo% n. It is recommended that a study be conducted
to design a failure reporting form which would assure, with a high degree
of confidence, the identification of the true causes of failures.
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The study would Include the investigation of the application of some
for-i of a failure analysis tree whichi would take the reporter through
a series of "yes" or "nx" decisior:; to arrive at the final conclusion
as to the cause of failure. The study would require the determination
of information needs for equJiprment analyses as well as human reliability
analyses to assure the Inclusion on the form of only those elements that
are absolutely required I- support of the analyses. It is further recommended
that various alternative reporting concepts be pilot tested under actual
operating and maintenance conditions.
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APPENDDC A

DERIVATION OF EQUATIONS FOR HUMAN RELIABILITY PARAMETER
ESTIMATES AND READINESS RELIABILITY

A. 1 The following terms must be defined:

aj = probability that failure of the ith ERU,
if it exists, is detected and repaired
during the first maintenance following

the failure.

81 = probability that maintenance does not induce
failure in the ith ERU given that the ERU
is in nonfailed condition at the time main-

tenance is initiated.

= probability that ith ERU, which is in
nonfailed condition at the timc; the jth

exercise or test is initiated, survives the
exercise or test.

t storage time between exercises or tests of ith

ERU.

I-G.(x) probability that ith ERU survives a storage time x
given that it was in "new" condition at beginning
of storage, i.e., at zero storage time. This is
determined from a theoretical distribution estimated
under laboratory or test conditions.

Preceding Page Blank
A- I



NK number of different integral values of k in

the sample of corrective maintenances.

ki  = number of maintenances before repair/replacement
since beginning of storage or since last repair
of the ERU if previous corrective maintenance

has been done (including maintenance when last
repair/replacement was done). A sample of ki's
is required from actual experience to derive
maximum likelihood estimates of a and .

, . . .NK).

Ni  frequency of the ith value of ki in the sample of
corrective maintenances (i = 1, 2, .. .NK). Size
of sample is equal to

NK
L Ni.

Ti  storage time of it h ERU between time when last
exercised and maintained to time of operating
mission.

Vi number of exercises or tests of ERU before
operating mission.

Pj(pi) probability that the ith ERU survives the v t h

exercise or test and was last repaired during
the (vi-J) maintenance period.

ESTIMATION OF HUMAN RELIABILITY MAINTENANCE PARAMETERS

A.2 Assume Tij = lfi for all values of j ; Pk(r) = probability that

corrective maintenance (which assumes complete renewal) takes place on

the kth maintenance; and Px(f) = probability that a failure occurs before the

xth maintenance but not before the (x-1)th maintenance; i.e., the failure

could have occurred during the (x-l)th maintenance, during storage between

the (x-l)th and xth maintenances, or during the xth test.

p (f) = - G(t)1. (A.i)
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.pI(f) = _ [1-G (x-l) _,-I x [-G (xt)] for x t 2. (A. 2)

A. 3 These formulations are obvious after inspection of input data and
reexamination of the life cycle of the ERU as depicted in Figure 18.

A.4 Assuming a failure before the first maintenance, the probability
that the corrective maintenance will take place on the fourth maintenance
is simply:

p1I(f)"-( aaI-~) 1-a)a (A. 3)

A. 5 More generally, the probability that corrective maintenance
occurs on the kth maintenance for a failure occurring before the xt h main-

tenance is:

k
Now, Pk(r) = 2 px(f) " ( 1

"0 k - x a (A.4)
x=1

Expanding,

p k(r) = ~ X-2 [1-G (x-1) tKIr~ x-l -01 1- G(xt)] ITx 0(0 k-x a

+ .. [-~t] l}l~!k-ia (A. 5)

A.6 This expression gives the probability that corrective maintenance

occurred on the kth maintenance regardless of when the failure occurred.

A.7 Assume now that a sample of ERU corrective maintenances shows

that they have occurred on the first, third, third, second, and first preventive

maintenances. Thus, under the definitions,

NK=3 K, = 1 NI =Z

K2 =2 N2 =I

K 3=3 N3 =2.
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A. 8 The probability that this series of corrective maintenance has

occurred equals

3
n' pk (r).
i=l

More generally, the probability is

NKI kI I _ -- - '
IN

1- l-G(t)J (1-) a] • (A.6)

A.9 The set of (a,$) desired Is the set that maximizes this probability.

NK k I k -x

Max H FxZ [-G (x-I)t] X 8x-8 e [l-G(xt )] 7Tx ( 1a) i

+ I1- 11-G(t) i f (lI -a) k, a

for [a, 810<a< 1, 0 <t8 1. (A. 7

A. 10 A computer program to facilitate calculation of (a,p) is given
in Appendix B.

READINESS RELIABILITY EQUATIONS

A. 11 It can be shown that the readiness reliability of the ith ERU Is
given by*

* Equation (A.8) for readiness reliability of the ERU can be derived by induc-

tion. The boundary condition Pi (1) = LI -Gi(t i )] rlT(i) is based on the assump-
tion that the ERU is in operable condition with probability unity immediately
following manufacture.
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l- it()i t+Ti)

e co l , n hti on ( ) k(A. 8)

whey. he recursion equations necessary to the formulation tre

ji

i- (jt

IRi i ipiI (

= -G i ti
p (V) p ( '-)(V )

+ (V I- i (Ai

I i i - i - t i .V- •

A.12 For the case where the distribution Of storage time to failure
of the ERU is exponential and the probability of surviving the oth
exercise ltoj = for all J, it can be shown that Equation (A.8) takes on
the simpler form

-VJr

+ ~ - I_______ ;[IR~ 1xvt t I (A. 9)
(eii

From inspection of Equation (A.9) it can be seen that, as ai approaches
~the readiness reliability, of an ERU having an exponential distributi n of

storage time to failure will approach all-Xiti, which is independent of
Vjs the numbecr of maintenance cycles prior to operating mission. For the
exponential case, note also that as V1 becomes large, the steady-state
readiness reliabillty approaches

A- 9
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R l- (. -x I o
Ri (A. 10)

System Readiness Reliability

A. 13 Taking the product of ERU readiness reliabilities defined by
Equation ( A.8) for ERUs required to function for a defined mission tactic
yields the readiness reliability RR. In mathematical form, this is given
by

N
RR i RI  (A.11)
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APPENDIX B

FLOW DIAGRAM AND COMPUTER PROGRAM FOR
ESTIMATING HUMAN RELIABILITY PARAMETERS

B. 1 The variables and format used for the input data required for
the program which estimates human reliability factors are shown in
Table B. 1.

TABLE B. 1
INPUT DESCRIPTION

Card Card Column Description

1 1-10 NK, total number of ki's or Ni' s

11-20 Irij, probability of surviving test
or exercise

2 1-10 AINI, initial value of alpha

11-20 AINC, incremental value of alpha

21-30 AFIN, terminal value of alpha

31-40 BINI, initial value of beta

41-50 BINC, incremental value of beta

51-60 BFIN, terminal value of beta

B-1



TABLE B. I (Cont)

Card Card Column Description
3* 1-10 ki, numiber of maintenances before

repair/replacement since begin-
ning of storage

11-20 Ni, frequency of the ith value of ki

4 1-5 G (t) G(xt) table values

6-10 G (2t)

11-15 G (3t)

46-50 G(10)

*Card 3 repeated NK times for each ki, Ni.

B. 2 The program will print all input data in Table B. 1 as well as the
data calculated by the program and shown in Table B. 2.

TABLE B. 2

OUTPUT DESCRIPTION

FORTRAN Name Description

ALPHA Probability of detecting a malfunction during
maintenance (0)

BETA Probability of not inducing a malfunction during
maintenance (8)

PROD Probability that this sample of corrective main-
tenances could have occurred given this set
of alpha and beta values

PMAX Maximum probability that this sample of correc-
tive maintenance could have occurred.

Value of aJpha at which maximum (PMAX) occurs

BL Value of beta at which maximum (PMAX) occurs

B-Z



START GXT(l) = G(lt)
PI = iT
K(I) = k
N(I) N N1

adI
Read

RFe .0
n-AFI

ILt
BFIN + .001

-- BFIN

CGXT

A

FIGURE B. 1. FLOW LOGIC FOR HUMAN RELIABILITY PARAMETERS
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(A

PMAX

AINI-
ALPHA

1. -ALPFIA
-CALPH

PROD

B

FIGURE B.1I (Cont)



B

I GUEB*)(ot

Yes



c

[BETA**(IX-2)1

(i.-GXT(DC-D)No D(> 2 Yes * **(]X-1No Yes In
PETA** (JX-
I - - GXT (Do]17- XT1. -CG -BETA-CGXT-BETA *(Pl**DO

(1 -- GXT (2)] BFUNC
*PI*PI

-BFUNC

CALPH*IABS(KI-IX) +
(KI-r4*KID( MIX

AT HALp
---- a-AFUNC

0

(I./CALPH**
ALPHA---a--

KIIX) * ALPHA
AFUNC

AFUNC

BFUNC*AFUN
+ PSUM

PSUM

No
c IX> KI IX+l IX

e sYe s

FIGURE B. I (Cont)
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ID

(PSUM+CSTNT)
* *N (I) *PROD

t~ I>NK No(N

PROD ' A

ALPHA--.pAL

FIGURE B. 1 (Cont)
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320FRRA 22 67/03/01( PROGRAM I IMMS

UIMENSIUN K(10)9N(103,GXT(lo)
I HAI)a0,1uu)NKPH.

t.j TO (409?H).F0FCKF(60)
eK NEAI)(bfj, 101)A[N[,A1NCAFIN,81lN1,tb1NCp'FIN

HLAU(0,103) (GK (1) 9N 1=10)

W'NITt.(61' 104 )Pk'O8,NK
wkl]E(61,1l0) (r.(1) N(1), I=1,NK)
WHTL (61, 1(5)j*HeIE(61,111) (it GAT(l)o 1=1910)

wH~l (E,1,106)AlN1,AFJNqAINC
kwNj JE(619112)HINIMFIN~lNC

r A11N= AFIN+.001

P1 I N RH NI O J

* I-4AX- I.
ALPHA=A INI

33 CALPH=1.-ALPIA
bETA=HINI

Ut) 2 1=19NK
r4=K( 1)
IF (NI-1)4,49!5

5 PALPII.CAL'H**(l-1)
Oit TO 6

4 VALI'Hi1.
b LSTNl=C"X*PALPl,-*ALPHA

Ut) 11 IA=2tKl
IF (IA-2)9*9*10

9 b UNC=l.-CGiXI-IT*(1.-UiXr(2) )*PlI*I
IF tM-lA) 45.13915

45 KIJ%.lAbS(KI-IX)
AFIJNCz.( /ALPH**K lix )*ALPHIA

-- 13 AIUNC=AL-t-A
uo O t3

1c) AHlJNC=CALPH**(rl-IX) *ALPHA

Lu bFUNC=(HiffA**(1X-2) )*(k.-GXT(lx-1))*(PI**(IX-k))-(ETA*(IX1))

IF (K1-1Xl46924.25
46 t&1IX=iAd3b(K1-lx)

AFt)NC=(1./C.ALPH*.I IA ) *ALPH~A
laO TO ?~b

FIGURE B.*2. COMPUTER PROGRAM FOR HUMAN

RELIABILITY PARAM ETERS
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24 AFUNC=ALPHA
t60 TO 2:

2b AFUNC=CALPH**(KI-IX) *ALPHA
26 PSUtzHFUNC*AFUNCPSUM
11 CONTINUE
20 PHUI) (PSUM +CSTNT)**N(I) *PROU
2 CONTINUE

wHITE (61. 1081ALPHA~dETA9PROD
IF (PMAX'PHOO) 31932932

31 PMAX=PROO

ALx=ALP HA
BL=BE IA

32 bLTA=HETA.bINC
1F (t*TA-8FIN)l8918s3b

35 ALPHA=ALPHA+AINC
IF (ALPHA-f-IN)3303.36

3b wITE(619109) PMAXoALgbL
uU TO 1

40 SfOP
100 IONMAT(Il09F1O*2)
101 FORMAI(bFIO*2)
102 FORMAT(211O)
103 t ORMAT(10F5e2)
104 FOHMAT(,I15XI1HINPUT UATA://lOA9I3HPHOISAHILITY =,F5.2/1Oxf4HNK

i,13//1'3X, 13HK(1) N(I) I)
10b gOHM~AT(/15XI1Hbi(XT) TABLE/)
106 IFOHMAT(/1099F4*2918H S ALPHA S 9F4*2,5X,.'4HINCREMENTS OF 9

i 4.2)
107 FUHMAI(1t11,13X,26HALPHA BETA F VALUE/)
108 FORMAT (9Aq2F9.29F12s7)
109 IUHMAT(//1X,11HMAXIMUM VALUE OF 9FIO.79L1H AT ALPHA =,FS.298H, BE

ITA =t' S32)
110 FORMAl (1X92110)
ill FURMAT(8A*Il0,F7@2)
112 FORMAT C/10XvF4*?tIH 1 BETA S ,F4.2,bsl,4HINCHEMENTS OF 9

1* 2)
L N L

3200 FORTRAN DIAGNOSTIC HLSULTS - FOR TIMMS

NULL blAIEMLNT NUMHENHJ
20

LOADS 56
RUN. 30

11GURE B.Z2 (Cont)
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APPENDIX C

COMPUTER PROGRAM FOR READINESS
RELIABILITY CALCULATION

C. 1 This appendix presents the flow logic and computer prc gram
developed to calculate ERU readiness reliability.--- '



Note:
STRTG(t) I -e - DEL 1 ntDEL 2

Read: NTERU = no. of ERUs
--A-NTJMI = no. of critical times

NTIM2=no. of trans. probs.

1 PROD= torpedo rel.
1 -PROD 0 R=reac hess rel.

1I-PRODPF=fur ctional rel.

Set 1st ER J

Read for Ith ERU

lBT, I-COD, DEL 1, DEL 2
TAU, NUMAX,ALPHA, BETA

For each critical time J=1, NTIP1

Read IPFCOD(J) ,TC(J) ,DELP1 (IfDELP2 ()

For each transitior J=I,NTIM2

Read PLIT(J) , IPOW(j)

NTIM I
nl e-EL~ 1 ('J)*TC(J)DE 2(J

PF - f PLIT(G)IPOWd) -PF

J=1

2

FIGURE C. 1. DETAILED FLOW LOGIC FOR RELIABILITY NIODEL
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PF IU JINUMAX

For Nu=2, NUMAX LI - 1 ]P(u
P(1,Nu)= 1 G (t)*ALP HA* , P(J Nu-1P(u

P (J, NO = BETA1-GQJxtjP( -1,Nu-l)*PI(Nu)
(1-G(lI-1)*t)) J=2, Mu

PunchF P (j Nu)

For each Nul, NUMAX

PRTO(Nu) = ALPHA*[ - P(T, Nu}])BETA*NL1 P (J, Nu)

Punch

PRTO(Nu)s

NUMAX

E P(j,NLJMAX) --SUM 1

NUMAX
1: [1 -G(Tt+TAUfl %~P(T. NUMAX) .SUM 2

1=1 (I -G(Jnt)J

6
FIGURE C. 1 (Ccint)
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[1-G(TAU] *ALPHA * (1 -SUM 1) + BETA* SUM 2 -PR

PR*PF 4PRPF

PRODPF*PF -. PRODPF
PRODPR*PR -. PRODPR
PROD*?RPF -. PROD

PUNCH
I, PRD POF, PRODPR

PRPF,PF,PR

I NTERU Yes l

FIGOU RE 0.1 (Cont)
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C RELIABILITY MARK 48 COOK-ZUSMAN OL1P JOB NO, 280 MvAY 59 1965
DIMENSION PL[T(20) ,IPOW(20) eIPFCOD(20),TC(20!,DFL-P1(20),DFLP2(20),

GCTiw1..-FXPFf-DFL1*T**DFL?)
11 READ 100,NTERtJNTIMl9NTIM2

PUNCH200,NTFRUNTTMI ,NT TM2
PROD- 1.
PRODP~z 1.
PRODPFP,~1
DO 6 1=1,NTERU
PEAD 101.T, T6CODDEL1 ,DFL2,TAUNUMAXALPHABFTA
PUNCH2lo1,rIGCOD ,DEL!, DEL2 TAU ,NUMAX ,ALPHA , ETA
READ 1029(!PFCOD(J) ,TCfJ1,DFLP1Cj),DFLP2(J),Jnl ,NTImfl
PUNCH22?(!PFCOD(J),TCCJ),tF7LPI(J),r 7LP2CJ),J=1,NTPm1,
PFAD 101,rPLTT(J) ,TP0WrJ) ,J~1 NTTM?)
PUNCH%)3,( PLIT (3) ,POWC 3) .3z1,NT TM?)

DO 8 Ju),NTImi1
8 PF.PF*EXPF-DE-r(J.*TC'J.**DELP2(JH

DO 9 JSItNTlm?
9 PFuPP*PL IT CJ)** IPOW( J)

DO 10 J z1,9NJm AX
10 PI (J)SPr

DO 4 NUm2tNUMAX
SUM v r)
NUM1 aN U- I
00 3 J* 1 9NUM I

DOC 4 Ju=' 9 Nf

X.JRJ
4P(,UtB A*1-,XT)1 0 J1N-1~" N' /1-( J-*

PUNCH 315
DO 53 NU1,9NMAX

51 PUNCH 30?,! ,NU,(P(JNl, ,J~l#NU))
DO 12 NLJRI NUjmAX
sIJ A M #

00 11 Jw1,NU
13 SUMvSUM+PJsNU.)
12 PRTOINU)sALPHAE( .- SUlm)+BFTA#S;UM

PUNCH 3n49(PTCN)NIW,NUmWAX)

DO 2 JmlNUMAX
sum1l-sllm1.p(jNtUmAX)

XJNJ
XJTmXJ#T

FIGURE C . COMI UTTER PROGRAM FOR
ERU READINESS RELIABILITY

C-5



2 SUM2uf1.-G(XJT+TAU) )*P(JNUMAX)/U.&-G(XJT,))+SUM2
PR w11.-GrrAI,1))*ALPHA*(1.k-,SuM1)+RETA*SUM2
TERM29R*PF

PRODPR.PPO0PF*PF

PRODSPROD*1FRM
6 PUNCH 3031 ,PROr)PROO)PPPRODPRTFRMPFPR

GO TO 11
100 FORMATr3!10)
101 FORMAT(E10.0, T10,3El0, ! 10,2E10.0)

102 FORMATU11093EIO.0)
103 F0RMAT(3(F10*0!1l0))

200 FORMATI3HIRELCOM4P MK48/
1 7HONTEOU=sT5, 7H NTIMI=,!5, 7H NTTM2=#5//)

201 FORMAT(Fl6.8,tl3,2E16.8,Fl6.8/l0X,15,2EI6.8)
202 FORMAT( 139F16*8,2Fl6&A)
203 FORMAHT(IFl6o8*13))
302 FORMAT( 4H ERU91494H N!L'=,14,4E16*8/(16X,4El6*8))
303 FORMAT( 4HOFRU911-.6H PROD=9F11.8t8H PRODPF=,Fll*898H PP0DPR=,:11,8

1/8X96H PFPR=*F11.894H PF=9Fl5o894H PR2,F15c8//
3fl4 FORMAT(I0HOPRTO(NU)=,4E16.8/(10X,4P16.8fl
305 FORMAT( 1H0v15Xt8HP(INJ)=/l

E ND

FIGURE 0. 2 (Cont)
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APPENDIX Dr PILOT TEST RESULTS OF CALCULATION OF ESTIMATES
OF HUMAN RELIABILITY PARAMETERS

[

D. I The input symbols used in this appendix are defined in

Appendix A.

D.2 Common to all test cases is the following failure distribution

and value for 7T:

7T = 0, 95

D.3 The data shown in Table D. I has been used as input for each
of the four cases shown in Table D.2.

TABLE D. 1

bASSUMED EQUIPMENT FAILURE DISTRIBUTION

No. of Preventive Probability of Equipment Failure Before

Maintenance + I That Maintenance, G(xt)

1 0.26
2 0.45
3 0.59
4 0.70

5 0.77
6 0.84
7 0.88

8 0.91
9 0.94

10 0.95
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TABLE D.2

INPUT DATA AND RESULTS FOR PILOT TEST CASES

Case NK ki  N ENi Estimate ofu Estimate of 0

1 3 1,2,3 2,2,1 5 0.98 0.33

2 5 1,2,3,4,5 iI 1 ,1, 1 5 0.57 0.63

3 5 3,4,5,6,7 1,1,1,1,1 5 0.31 0.78

4 3 8,9,10 1,2,2 5 0.16 1.00

D.4 The computer printouL of the input data and results for the

mathematical formulation of the human reliability maintenance parameter

estimates are presented as Figure D.1 on the following pages. The pro-

gram computes a probability (F value) that a set of e and 8 values will

produce the corrective maintenance experience reflected in the rest of

the input data. It is more likely that the sample of corrective maintenance

resulted from that set of 01 and 8 values with the highest probability than

from any other set. The maximum likelihood estimate of ,y and 8 is

therefore the set of (y and B which has the highest probability calculated

for it.
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INPuT 0i4IA:

j PHUM-AHILITY
NK 3

K(1) Nl

r ,(XT) rAbLE
1 *26
2 .45
3 b
4 -to
5 o17

7 98h

9 94
10 9.Y

.911 f ALPHA 1.100 INCREME2NIS OF .01

.30 HE11TA s .50 INCREMENIS 01- .01

ALPHA BETA F VALUE ALPHA BETA F VALUE

*90 o30 .0031181 041 .301 .0044

.90 .31 .0031059 .91 .31 .0041382

.90 3,d .0030915 .. 3 0031?bb
.0 .33 *0030750 .91 93 .031108

.40 *34 .0030!566 .91 .34 .100939

.90 .3b .0030362 .91 .35 .04050
00 .3b o00.30141 .91 0.4b .003U1541

090 .31 .0029901 .91 *31 .0040314
.90 .38 .00e964b .91 .3H 000300b8
.90 .39 .0029414 .41 *49 .11029806
.90 940 00029086 .91 e40 .00e9521
.90 .41 .00287H5 .91 .41 *u93

:00042 - 2i8469 '4 92 O28922

.940 .44 .00e7799 .141 .44 .00eh2bl

.90 .4b .00d7446 .41 045 Uue72411

.40 .46 .00e7081 .91 .4a .00e7549

.90 .41 .00,670t .41 .4'1 .10027175
090) .48 I .006422 .91 .4t8 .00e6191
090 .49 .00e592b .91 .49 *UUevJ97
0.90 .511 .0025bb 091 .1lU .00U?5993

FIGURE D. 1. SAMPLE OUTPUT
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ALPHA BETA F VALUE ALPHA BETA F VALUE

.92 .30 .0031740 e94 .41 .0030397

.92 .31 .001659 994 .42 .0030113

.92 .32 .0U31554 .94 .43 .0029812

.9? .33 .0031425 .94 .44 .0029495

.92 .34 .0031274 .94 .4b .0029161

.92 .35 .0031100 .94 .4b .U08b12

,92 .3b .00J0906 .94 *41 .002R449

.92 .37 .0030692 .4 e48 .0028073

.92 .38 .0030459 .94 .49 ,OQ27684

.92 .39 .0030207 .94 .50 .00i7283

.92 *40 .00e9937 .95 .30 .0032195

.Y2 .41 .00296b1 .95 .31 .0032194

.42 .42 .00s29348 .95 .32 .0032163

.92 .43 .00e9031 .95 .33 .OUJ?104

.92 a44 .00?8699 .95 .34 .0032017

.92 &45 .0028353 .95 .35 .001903

.92 °46 .0027994 .95 .3b .0031764

.92 .47 .0027623 .95 .37 ,0031601

.92 .4d ,0027240 .95 .39 .0031413

.42 .49 .0026847 .9b .39 .UUJ]204

.92 .50 .0026443 .9b .40 .0030973

.93 .30 .0031945 .45 .41 .0040721

.93 31 .0031889 .4b .42 .0030449

.93 .32 s0031806 .95 .43 .0030158

e93 .33 .0031698 .95 .44 .0029850

.93 .34 .0015b6 .95 .4b .O029324

..3 *3 0.11 95 e46 .0029183•.93 .35 .0041411 .5.b .oqB

.• 3 .36 .0031233 .95 .47 .0028d2b

.93 .37 .0031034 .4b .48 .0028454

.93 .38 .0030814 .9b .49 .O2SOb9

.93 .39 .0030575 .Q5 .bO .0027671

.93 940 .0030316 .96 .30 .0032e34

.93 .41 .0030040 .9h .31 .0032264

.93 .42 .0029746 .96 o32 .0032263

.q3 .43 .0029436 .96 .33 .0032231

.93 .44 .0029110 .9b .34 .0032170

.93 .45 .0028770 .9b .35 .0032081

.93 .4b .02U8416 .96 .3b .0U31964

.93 .41 .0028048 .96 .37 .0031h22

.93 .48 .0027668 .96 .38 .0031b54

.93 .49 .0027276 .9h .39 00031462

.93 .50 .00e6873 .96 .40 .0031?41

.94 .30 .0032098 .96 .41 .0031u09

,4.31 .0032068 o96 4,e .00401,51

.94 .3e .0032010 .96 .43 .0030473

.4 933 .0041925 .96 44 .0030175

.9*4 .34 .0031814 .q6 .43 .00298B9

.94 .35 .0031679 .9h .4o .00d952b

.94 .36 .0031520 .9h .47 .002917b

.94 .37 .0031337 .96 .48 .oo0088O

.94 .38 .0031133 .96 .49 .002R430

.94 .39 .0030908 .96 .50 .008so3b

.94 .40- .0030b62 .97 .30 .0032213

FIGURE D. I (Cont)
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3 ALPHA BETA F VALUE ALPHA BETA FVALUE

.11 ,31 .00J2277 •99 .3u 00319f78

.97 32 .003230d .99 .31 .0u32119

.47 o33 .003230b .49 .e .Uuj2eeo

.91 .34 ,0032273 099 .3- .ukJ22m8

.91 .35 o0032210 099 .34 0uj2319

.97 •3b ,00J118 .,49 93t .03?31b

v97 .37 .0041998 .99 .3t , suoiJe2 O

.91 .38 ;0031852 .99 -.-i ,UuJ2?Le

.97 .39 .0UJ1679 .99 e3m i .00J2114

.97 o40 e0031482 £39 .0031987

.97 .41 .0031262 .49 .40 .1UJI83?

.97 .42 .004101 .99 •41 •uO3lbbo

.97 .43 .0030754 .99 .4e .00J144e

997 o44 .0030468 .99 43 .0U31210

.97 .4b oOU301b3 .99 o44 eU0.09t4

.97 .46 *0029840 49 o 4) . OUJob Tb

.97 .47 .00.9498 •9 .4t •003J0jb

.97 948 .009140 049 • .4 .. uuou7

47 49 •OOedH7b 094 ,4)h Uoegt9(1s

. .50 o .0)O • 318 .99 4%1 OU093hU

.98 .30 0U3?128 .49 .5 .002848b

.48 .31 .UO3?229 1.000 .30 UUoJllbO

.9m 03e ,OU.32295 1.1) .. )1 .0 J1I-43

0.)8 .3. .003232b I uo •1 .ie 2uu08u

.48 .34 90u3P324 1. •o1 .33 .00J2191

. (48 .35 • 00J29 1. .O .34 . 0ujj I

.*9 •36 *0UJ? 4 1. 0 .3 o •.00 e42
9H .31 .ouu32129 I I.IAb 0 0 J?184

38 OUJ?006 1.10 .1 t .1u3? -4b

09A .39 I.002855 1.0 t) i .O1j3 15

.48 .40 •003178 1 f.o .39I .uJu 14

98 .41 00314b I .tO ,.4U .1103 1 94-j

.9H :42 0U3e4 1 :00 .41 .UJ I HJ

•8 .4. .00-31000 1 6OU I .4e o)315b
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APPENDIX E

METHODOLOGY USED TO EVALUATE HYPOTHESES

E. 1 The primary study obJe:tive is to identify one or a combination of
personnel characteristics which, when optimally weighted under the least-
squares criterion for best fit, wili produce _ gnificant gross and multiple
correlations with the ec.uipment parameters.

E. Z Special runs E952A and E987A furnished by Pers 19 for this research
task contained personnel characteristics for each of the men on aboard the
selected ships for each 3-month interval. Averages of the personnel char-
acteristics for the men in ratings ET, RD, and ST were obtained.

E. 3 Special reports entitled "Maintenance History Records" (MDC-5)
were obtained from the Maintenance Support Office, Mechanic.sburg, Penn-
sylvania, which contained a chronological history of the malfunctions and
repairs by ship for each equipment. From these reporyts, a manual tabulation
of the total number of malfunctions and maintenance (repair) times was com-
pleted by ship and by 3-month period.

E. 4 At this point, frequency distributions of the variables provided
rough histograms so that the normality of the variables could be checked.
In many cases, the distributions were badly skewed; consequently, all
raw data were normally transformed- so that correlations would not be
spuriously inflated.
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E. 5 Selected scatter diagrams of the transformed data for each of the
equipment parameters with each of the personnel parameters failed to dis-
prove the assumption of linearity on which multiple correlation theory is
based.

E. 6 After computer calculations were made for all cases, gross (zero
order) correlations ind the highest mu.tiple correlation coefficients for each
number of predictor variables included in an analysis were tabulated.

E. 7 Adjustments wer- made in these coefficiants in order to avoid
consistently overestimating the ,loseness of the relationship because of
small sample size. Formuiaslyused were

'xy 1 y-' (E.1)

where n = sample size

rxy = adjusted value of rxy;

and 3 / \ n\
1.23...k =1- mR (E.2)

where k = number of independent variables

n = sample size

m = degrees of freedom (k + 1)

S.23...k adjusted value of R 2
3

E. 8 The adjusted gross correlations which are significantly different
from zero were identified by use of a table of critical values of the correla-
Eon coefficient at the 0. 05 level of significance. Such a a table is found in
many standard texts. To determine if adjusted multiple correlations were
significantly different from zero, the following F ratio was calculated.

Ftest -1 -( \kj (E.3)
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where R = adjusted multiple correlation

n = sample size

k = number of predictors

If Ftest F . 05, k, n-k-1 ' the correlation is significant.

E.9 To test whether or not the adJ.tion of another personnel variable
would increase the multiple correlation significantly,, another F ratio was
used.

i Ftest -= k- (E. 4)

where R, = adjusted multiple correlation with larger number of
personnel variables

2 = adjusted multiple correlation with zmaller number of
personnel variables

k, = larger number of personnel variables

k 2  = smaller number of personnel variables

n = se.mple size

If Ftest >F 0 . 0 5 , m1 -mg, n-m-1, the additional personnel variacle has increased

the correlation significantly.

E. 10 In practice, when one of the multiple correlations with two predictor
variFbles was significantly different from zero, Formula (E.4) was used to see
if an additional variable would increase the correlation significantly.

E. 11 When it is known that a multiple correlation is significantly different
from zero, it is possible to calculate a correlation for which it is 95 pe-rcent
certain that the true correlation is greater than the calculated correlation.

E. 12 Ezekie 17l/ provides convenient graphs from which this value can
be estimated at the 95 percent confidence level. For example, if for 50
observations a multiple correlation of 0.62 is obtained using three personnel
variables, from the graph it can be stated that there is a certainty of 95 percent
that 0.42 is the probable minimum correlation in the unive:.e.
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E. 13 When multiple correlation coefficients are significantly dillerent
from zero, knowledge of the relative importance of the personnel chara9ter-
istics is desirable. To obtain this, the k coefficient is calculated. - - '
Thus, the most influential personnel variable is indicated by the largest
absolute value.
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